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ABSTRACT
In this dissertation, integrated water quality analysis in the reservoir of
Isahaya-Bay sea reclamation and the Ariake Sea is carried out. This dissertation
consists of five chapters that cover the goals of the research, model development and
results of integrated water quality analysis in the reservoir of Isahaya-Bay sea
reclamation and the Ariake Sea.
In Chapter 1, background of the study, water quality problems analysis
and its identification are addressed. This chapter points out water quality problems
and social problems in the Isahaya reservoir and the Ariake Sea and needs of the
research. It is known that chemical oxygen demand (COD), total phosphorus (TP),
and total nitrogen (TN) in the present reservoir are higher than the goal levels
although measures of water improvement are executed and examined. Moreover,
fishery damage in seaweed productivity etc. leads to public discussions related to the
Isahaya bay closure and environmental change in the Ariake Sea. Therefore, it can be
concluded that analysis of water quality in the Isahaya reservoir and the Ariake Sea
in the integrated viewpoint is necessary, and it is set as the goal of this study.
In Chapter 2, literature review on methodologies in water quality analysis
and water quality modeling are presented. Concepts of numerical water quality
models and the public concern about water environmental problems in the Ariake
Sea and the Isahaya reservoir are summarized. Literature review on typical red tide
algae in ocean is carried out. Social concern for environmental issues can be a
subject of problem analysis in addition to general analysis by specialists. From this
viewpoint, information on social problems related to the Isahaya reservoir and the
Ariake Sea is collected and reviewed. Finally, it is revealed that policy analysis
using the computer tools is necessary to solve complicated water quality problems in
the Isahaya reservoir.
In Chapter 3, water quality problems in the Isahaya-Bay sea reclamation are
summarized. In order to analyze these problems, water quality modeling in the
Isahaya reservoir is carried out based on the completely mixed reservoir model.
From long-term water quality analysis, it is recognized that significant water quality
constituents are salinity, SS, TN, TP, COD and Chl-a. In order to examine loadings
of these water quality constituents, sensitivity analysis is carried out. Through this
sensitivity analysis, it is found that the release from mud bed plays an important role
on SS and nutrients especially dissolved phosphorus in the Isahaya reservoir
although major contribution to TN, TP and COD are the discharge loading from
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watersheds. Moreover, it is pointed out that coprecipitation with SS and phosphorus
under brackish condition affects settling velocity of fine sediment (floc). Behavior of
algal growth in the reservoir is explored using observed data and simulated results
because there is an obvious water quality problem on eutrophication. Growth
patterns of algae especially diatoms in the reservoir show that long-term change of
algal growth patterns can be separated into two stages, the first stage during
1997-2002 and second stage during 2003-2005. Diatoms are dominant species in the
second stage although their content is small in the first stage. It is suggested that the
growth of diatoms is limited by silica which is combined with polder soil due to soil
improvement material such as lime. By taking into account of silica limiting factor to
the algal growth modeling and comparing with the observed diatom content, the
behavior of diatom growth pattern can be evaluated.
In Chapter 4, characteristics of water quality in the Ariake Sea are examined
through water quality analysis related discharge loading from the Isahaya reservoir.
In order to demonstrate the interrelation of water quality in the Ariake Sea and in the
Isahaya reservoir, the two-dimensional finite-volume model of the Ariake Sea and
the water quality model of the Isahaya reservoir are linked together. The integrated
model succeeds in simulating water quality in the Ariake Sea in 1991-2004. By
applying the integrated model in the sensitive analysis, effects of discharge loading
from Isahaya reservoir to water quality in the Ariake Sea can be evaluated. The
results of sensitivity analysis show that the effects of the Isahaya reservoir on water
quality and red tide blooming events in the Ariake Sea are small.
In order to demonstrate mechanism of typical red tide blooming in the
Ariake Sea, the simulation on Chattonella antiqua growth is carried out. It is
concluded that resuspended SS from mud bed is the primary cause of Chattonella
antiqua blooming events in the Ariake Sea. The conditions for Chattonella antiqua
cysts formation is also analyzed through sensitive analysis. It can be concluded that
Chattonella antiqua cysts in the Ariake Sea are formed during winter when water
temperature is lower than 11 oC. During strong wind, Chattonella antiqua cysts are
resuspended into water column with suspended solids. In summer when water
temperature is between 20-27.5 oC, Chattonella antiqua can be germinated, and
finally Chattonella antiqua bloom event can occur. The developed model indicates
that salinity concentration is a limiting factor for the growth of Chattonella antiqua.
The suitable salinity range for Chattonella antiqua growth is from 27 to 31 psu.
Another objective of this chapter is to investigate the causal relationship of
water quality between the Isahaya reservoir and the Ariake Sea. The integrated
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model is applied to evaluate water quality management in the Isahaya reservoir.
Contributions of loadings from land area to water quality in the Isahaya reservoir are
evaluated through the sensitivity analysis. Averaged COD concentration estimated
from land loading only is 4 mg/l which is close to the goal standard of 5 mg/l. It is
estimated that both concentrations of TN and TP contributed by land loadings are
higher than the water quality goal standards (TN: 1 mg/l and TP: 0.1 mg/l). The
observed TP is found to be higher than the simulated TP contributed by land loading
only. It is concluded that the release of TP from reservoir bottom is a major
contribution. This result indicates difficulty in water quality management on total
phosphorus in the Isahaya reservoir. In providing alternative options for
decision-making process, the integrated water quality model makes great
contribution to policy analysis in the Isahaya reservoir and the Ariake Sea.
It can be concluded that new information obtained from the water quality
analysis in this dissertation contributes for revising the policy analysis.
In Chapter 5, concluding remarks and recommendation for further research
are given.
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1CHAPTER 1
INTRODUCTION
1.1 Background
An old proverb in Thai says “ที่ไหนมีน้ํา ที่นั่นมีชีวิต -Where there is water, there is
life”. “Water is life” is not only a mere slogan, but it is also the expression of the vital
function of water as public and precious natural resources for livings and human
being on earth.
Federico (1997) stated that the world’s water supplies in future depend on the
civilized use of this finite and vulnerable resource. In thinking about the water
resources problem, we need to be conscious of this essential relationship “Water and
Civilization”. In order to settle water related conflicts peacefully, water-based
civilizations needs legal codes/rules and conducts to regulate water distributing. When
addressing water-related problems, water and its societal implications should be
concerned as an entity.
As Arabic proverb says “One hand cannot applaud”. It means that we cannot
resolve conflicts without the presence of both parties. Victor (1998) mentioned that “If
we wish to thrust towards water ethic, a public awareness should be launched
immediately.” An understanding of water resources is essential if they are to be
properly managed (Howsam and Carter, 1996).
Everywhere, water should be managed with energetic policies for its
conservation. In policy cycle for water management, water quality should be taken
into account with water quantity because water quality affects its functional uses. On
the other hand, change in water quantity evidently affects water quality, and clear
understanding the impact of the water quality change on the water body is necessary
in the water policy cycle.
The closure of Isahaya Bay has brought up a conflict between the
government and water users in the Ariake Sea. The problem in seaweed productivity
in the Ariake Sea occurred in 2001 which leaded to many public discussions related to
the bay closure and ecosystem in the Ariake Sea. A number of committees and
researcher groups are organized in order to handle with this problem. However, there
are still some subjects to be analyzed because phenomena on water quality are
complicated. Research on water quality analysis in the Isahaya reservoir and the
Ariake Sea is necessary to solve these problems.
21.2 Research objectives and scope of study
Taking into account the interrelation between the Isahaya reservoir and the
Ariake Sea in water management, it is necessary to analyze water quality in both
areas from integrated viewpoint. Generally, a simulation model is applied to estimate
and predict water quality in water body. The simulation results can be useful to
analyze water quality problems and provide the information about policy impact to
the general public and decision-makers. Only few simulation researches on integrated
water quality management in the Isahaya reservoir and the Ariake Sea are available,
and there is no analytical tool developed for the decision-making process. In order to
provide essential information for water quality management in the Isahaya reservoir
and the Ariake Sea, integrated water quality analysis is performed in this research.
The final goal of this dissertation is to investigate the mechanism of water
quality changes in the Isahaya reservoir and the Ariake Sea. In the process of water
quality analysis, the specific objectives that should be achieved are listed below.
 To analyze water quality changes in the Isahaya reservoir and the Ariake Sea.
 To propose an integrated numerical model as an analytical tool for integrated
water quality analysis.
 To carry out water quality analysis in the Isahaya reservoir and the Ariake Sea
from integrated viewpoint.
 To get basic knowledge on the occurrence of Chattonella antiqua red tide in
the Ariake Sea through model simulation compared with observed data.
Focusing on the interrelation between the Isahaya reservoir and the Ariake Sea,
integrated water quality analysis is carried out using numerical model and observed
data. The developed model of water quality analysis in the Isahaya reservoir is based
on the completely mixed tank model. For the water quality model in the Ariake Sea,
two-dimensional finite-volume model is developed and applied through calibrating
two important parameters on advection and dispersion.
Red tides are serious problems in many closed/semi-closed water bodied in
Japan. In this dissertation, Chattonella antiqua is classified as the typical red tide in
the Ariake Sea.
3Water quality parameters in this dissertation are chemical oxygen demand
(COD), suspended solids (SS), dissolved inorganic nitrogen (DIN), orthophosphate
phosphorus (PO4-P), chloride (Cl) and chlorophyll-a (chl-a).
The analytical tools developed in this study and the information obtained from
the integrated water quality model can give more explanation about the red tide
occurrence in the Ariake Sea and the relationship between water quality in the
Isahaya reservoir and the Ariake Sea, which may lead to solution of the management
in these areas.
1.3 Thesis organization
In Chapter 2, literature reviews of previous researches on numerical models
related with this study are introduced with some idea on water quality modeling.
Moreover, basic knowledge of red tide in the related research is mentioned. Public
concern and policy analysis in the related research are reviewed. For the problem
analysis, social concerning to environmental issues is a subject of problem analysis in
addition to general analysis by specialists. From this viewpoint, information on social
concerning to the Isahaya reservoir and the Ariake Sea is reviewed. Concept of policy
analysis is not so popular in Japan, although it is necessary to solve complicated
water quality problems such as in the Isahaya reservoir. In this chapter, advanced case
on policy analysis is introduced and reviewed.
In Chapter 3, problems in the Isahaya-Bay sea reclamation are summarized
based on general and historical information of the project and disasters. Water quality
modeling in the Isahaya reservoir is carried out based on the completely mix reservoir
model. Simulation for water quality analysis and algal productivity are executed and
compared with the observed data. It is revealed that land load, algal productivity,
natural loading from mud bed are major loading to the Isahaya reservoir. Moreover, it
is pointed out that the coprecipitation with SS and phosphorus under blackish state
affects settling velocity of fine sediment (floc) in the Isahaya reservoir. Behavior of
algal growth in the reservoir is explored using observed data and simulated results
because there is an obvious water quality problem on eutrophication. In this chapter,
growth patterns of the dominant algal species in the Isahaya reservoir are also
analyzed using water quality model.
4In Chapter 4, the problem analysis is carried out in the Ariake Sea, and
characteristics of water quality in the Ariake Sea are determined. Development of
two-dimensional finite-volume model for the Ariake Sea is described. This chapter
also describes model ability to predict of red tide blooming events in the Ariake Sea.
The life cycle and limiting factors on Chattonella antiqua growth in the Ariake Sea
are demonstrated through the simulation model. The finite-volume model and the
water quality model of the Isahaya reservoir are linked together to integrate the
interrelation between the Isahaya reservoir and the Ariake Sea. With application of
the integrated model, the effect of discharged loading from Isahaya reservoir to the
water quality in the Ariake Sea is evaluated through sensitivity analysis. This
sensitivity analysis shows that the effect of the Isahaya reservoir on the water quality
and red tide blooming events in the Ariake Sea is small. On the other hand, it is found
that resuspended SS from mud bed is the primary cause of Chattonella antiqua
blooming events in the Ariake Sea. The approach for prediction on Chattonella
antiqua using the developed two-dimensional model is performed in this chapter.
Water temperature during winter can be control index for cyst germination and
growth of Chattonella antiqua.
In order to provide useful information for decision-making process, the
integrated approach makes great contribution to policy analysis. The application of
the integrated model in policy analysis in the Isahaya-Bay sea reclamation and the
Ariake Sea is carried out. The contribution of loading from land area to water quality
in the Isahaya reservoir is estimated through sensitivity analysis. Also feasibility on
achievement of water quality goal standards is evaluated. Alternative option for water
quality management in the Isahaya reservoir is analyzed from the integrated
viewpoint.
The concluding remarks and recommendation for future research are given in
Chapter 5.
51.4 Summary
Water quality analysis and problem analysis in policy cycle are carried out
with the application of numerical models. There are many kinds of models used as the
numerical tools for problem analysis and policy analysis in water management. In
general, it is almost impossible to develop a perfect model for all purposes to response
to all users; therefore, some models should have specific function. In a simple case,
we should/can be compromised that one model is for one reason. Some researchers
may use experience and the hypothesis that is assumed for the system in choosing
their tools. Most of the analyst/researchers prefer to use the high performance tools to
comply with request of decision maker. At the same time they need to understand the
application coverage and limiting conditions. Both of the success and the failure with
some weak points from the former researches in the application of the methodology
are demonstrated.
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6CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
The technology on problem solving to provide useful solutions that everyone
wants to get to work and deal with is a good management tool. In order to provide a
comprehensive water management system, integrated water management takes into
account all the factors that influence and are influenced by the water system. The
words “integrated” or “comprehensive” refer to the concept of considering the
compound uses and functions of the water (including flood control) in one or more
basin (Koga et al. 1994a).
Good water environmental management efforts must have a scientific
knowledge and recognize that economic development, social concern and
environmental quality are interdependent. Water environmental management needs
various kinds of knowledge and experts to solve the problems. Also, there are many
available alternatives to reach the final goal. To review the previous management with
the similar goal in the past can give an idea in selecting the alternatives. Furthermore,
the disadvantages or problems of each alternative are also defined in the former
management. In this chapter, water quality problem in many areas and the related
researches are briefly reviewed. They are classified into 5 sections as follow:
1) Isahaya-Bay sea reclamation and the Ariake Sea
2) Red tide and Chattonella information
3) Numerical models of the Isahaya reservoir and the Ariake Sea
4) Public concern and policy analysis
5) Summary
72.2 Isahaya-Bay sea reclamation and the Ariake Sea
Nagasaki Prefecture had disasters frequently, and had experienced the
damages of storm tide and the flood. The Isahaya big flood in 1957 as shown in Fig.
2.1 brought about great damage. The heavy rain which hit the entire Isahaya coast
from July 25 to 26 in 1957 was over 588 mm. Total of 683 people died in the flood
and 77 people were missing. The total damage was estimated at 87 hundred million
yen. Since then, Isahaya-Bay Sea Reclamation Project was expected to protect the
water-related natural disaster, to develop large farmland which was desired in the
district and to contribute as a flood countermeasure, so that the sad experience like the
Isahaya big flood would not be repeated. Heavy flood caused by the heavy rain in
1982 and high tide in 1985 are shown in Fig.2.2 and 2.3. The historical disasters of
the Isahaya Flood are described more in detail in Table 2.1
Figure 2.1 Damage in the Isahaya city by Isahaya big flood in 1957
Source: Kyushu regional agricultural administration office, (2007)
Figure 2.2 Damage in the Isahaya city by heavy flood in 1982
Source: Kyushu regional agricultural administration office, (2007)
8Figure 2.3 Damage in the Isahaya city by high tide in 1985
Source: Kyushu regional agricultural administration office, (2007)
The Ariake Sea is located in the western part of Kyushu Island. Isahaya Bay is
located in the west-central portion of Ariake Sea near Nagasaki Prefecture. The
satellite images of the Ariake Sea and Isahaya Bay are shown in Fig.2.4 and 2.5.
Figure 2.4 The Ariake Sea Figure 2.5 Isahaya Bay
Source: Department of Civil and Environmental Engineering, Sungkyunkwan University (2003)
Isahaya Bay
Ariake Sea
Isahaya Bay
Nagasaki
Prefecture
9Table 2.1 Major disasters in the Isahaya Bay area
Year Type Affect region Damage
1914 High tide
and flood
Heavy flood hit the
Honmyo river basin with
high tide of 1 to 3 m
Breaks in sea dykes: 1,116
Breaks in river dykes: 273
Washed-out, damaged and inundated
houses: 2,308
Washed-out bridges: 61
Washed-out and buried paddy fields:
4,313 hectares; Broken canals: 3,625
1927 High tide
and flood
Heavy flood hit the
Honmyo river basin with
high tide of 3 m
Died 57; Missing 3;
Injured 92
Breaks in dykes: 342
Houses: Washed-out 314; Damaged
1,479; Partly damaged 1,868;
Inundated 13,203; Washed-out and
buried paddy and dry fields: 350
hectares
1957 Flood Heavy flood hit the entire
Isahaya coast
Died 683; Missing 77; Injured; 3,550
Houses: Damaged 2,248; Partly
damaged 3,060; Inundated above floor
level 12,020
Washed-out and buried paddy and dry
fields: 1,389 hectares
1982 Flood Heavy flood caused by the
heavy rain of 588 mm
Died 3
Houses: Inundated above floor level
917; Inundated under floor level 1,545
Washed-out and buried paddy fields:
98 hectares; Washed-out and flooded
farm land: 2,700 hectares etc.
1985 High tide 2-3 m high tide passed over
the dykes like "tsunami"
Damaged piers 2
House: Inundated above floor level 18;
Inundated under floor level 40
Damaged paddy field 1,300 hectares;
Damaged green houses 73
Source: Kyushu regional agricultural administration office, (2007)
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The Isahaya-Bay Sea Reclamation Project, authorized by the central
government’s Ministry of Agriculture, Forestry and Fisheries (MAFF), involved the
reclamation of a portion of Isahaya Bay on the Ariake Sea in Nagasaki Prefecture,
Kyushu in 1986.
The Isahaya-Bay Sea Reclamation Project was first proposed in 1952 with the
aim of turning the mudflats into rice paddies to feed Japan after the Pacific War
(1937-1945). The Isahaya-Bay Sea Reclamation Project started in 1988; the bay was
closed by a sea dyke constructed by the Ministry of Agriculture, Forestry and Fishery,
on April 14, 1997 and completed in 1999. The sea dyke structure, cross-section and
outside view of the Isahaya dyke are presented in Fig. 2.6, 2.7 and 2.8, respectively.
The length of Isahaya dyke is about 7 km and El. (+) 7 m in height. Aims of this
project are to create 8.16 km2 of farm land and to protect tidal flood, at a total cost of
253.3 billion yen.
Figure 2.6 The sea dyke structure
Figure 2.7 Cross-section of the sea dyke
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Figure 2.8 Outside view of the Isahaya dyke
The influence of Isahaya dyke on changes in tidal environment in the Ariake
Sea was examined by Kim and Yamashita (2002). They reported that the mean sea
level in West Japan was increased by 10 cm during 1985-1999 and tidal amplitude in
the Ariake Sea was decreased by the Isahaya-Bay Sea Reclamation Project. The
observed tidal amplitude decreased by 3 cm at Kuchinotsu and 6 cm at Oura during
1974-1999, and the tidal amplitude in Isahaya Bay has decreased over 10 cm after the
construction of Isahaya dyke. These changes are about 2-3% of total tidal amplitudes.
They also computed the decrease in the amplitudes of major eight tidal constituents.
The differences of tidal amplitudes before and after the construction of Isahaya dyke
are 1.84 cm at Kuchinotsu station and 9.83 cm at Oura station as shown in Fig.2.9.
Figure 2.9 The differences of tidal amplitudes before and after the construction
of Isahaya dyke (in unit of cm)
Source: Kim and Yamashita, (2002)
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The Ariake Sea is characterized by very large difference in tidal height and
strong tidal current. In recent years, the Ariake Sea has encountered serious
environmental problems, typified by seaweed damage, which may be caused by high
production of phytoplankton due to environmental changes, such as tidal
transformation by coastal development.
The Ariake Sea is a great importance in its individuality of ecological and
biology characteristics. The Ariake estuarine and tidal flat areas serve as conduits
through which nutrients pass into productive coastal water. They also provide
important spawning and nursery grounds for many species of finfish and shellfish.
The Ariake Sea becomes famous for rich fishery products and marine red algae,
Porphyra Yezoensis sp. (Nori in Japanese) cultivation. The Ariake Sea is the best
seaweed growing region in Japan, accounting for nearly 40% of total production. In
recently decades, a rapid reduction in the fishery products occurs due to the
environmental changes. In 2000, the Ariake Sea suffered from poor harvest and the
output was decreased by 50 percent. The unusual red tide which uptakes all the
nutrients in water turning the seaweed from a healthy black to a sickly yellow often
occurs. Some people mentioned that, the red tide in the Ariake Sea was caused by the
government's reclamation project in Isahaya Bay (The Japan Time Online, 2003).
Chiba and Takemoto (2002) suspected that the reclamation works and the
embankment of Isahaya Bay were the cause of the great bad crop of the culture laver
occurred in Ariake Sea. However, they found by numerical simulation that there was
little effect of the embankment on current velocity in the Ariake Sea except in the
Isahaya Bay, but significant effects were due to tremendous number of poles and nets
for the culture laver which were installed of the shoal in Ariake Sea. Mike (2004)
reported that since the Isahaya Bay was drained and closed off from the Ariake Sea,
red tides had increased, dead fish appeared on the shore, water quality was degraded,
and shorebirds and migratory birds escaped to other places.
Study on the effect of discharged water from the Isahaya reservoir to the
Ariake Sea on red tide occurrence is necessary. To reveal the relationship between the
Isahaya reservoir and the Ariake Sea, general information about life cycle and
behavior of red tide is discussed in this chapter.
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2.3 Red tide and Chattonella Information
Okamura (1916) defined red tides as follows: “Akashio” (red tides in
Japanese) refers to the water color change due to plankton bloom which can
sometimes cause the death of fish and other animals, irrespective of the color.” This
definition has now been succeeded in Japan and at the “Conference on Red Tides”
held on 1966, it was shown that red tides are water color changes due to the rapid
growth of marine microscopic organisms, irrespective of the red color, and often
cause mass mortalities of marine animals (Okaichi, 2004).
Laver lost its black color and turned paled yellow because of red tide, which
occurred during that period. Monthly red tide events happened in four prefectures are
shown in Fig.2.10. It can be seen that red tides in the Ariake Sea appear frequently,
especially from May to October. Fig.2.11 shows the number of red tide events
blooming in the four prefectures from 1985 to 2006. Fig.2.12 illustrates the fishery
products harvested from 1970 to 2006. It is shown that since 1984 the fishery
products have been decreased dramatically.
Figure 2.10 Monthly red tide events happened in Saga, Fukuoka, Nagasaki and
Kumamoto Prefectures (1985-2006)
Source: Fisheries Agency, Japan, (2006)
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Figure 2.11 Number of red tide events in Saga, Fukuoka, Nagasaki and
Kumamoto Prefectures
Source: Fisheries Agency, Japan, (2006)
Figure 2.12 Fishery products from 1970 to 2005
Source: Fisheries Agency, Japan, (2005)
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Fig.2.13 shows major red tide species and the number of fisheries damaged by
these species in Kyushu. It can be seen that among the causative phytoplankton
causing red tide, the most toxic species is Chattonella (Fig.2.14). This specie kills
finfish and has caused severe fishery damage of more than 100 million JP Yen. It is
found that Chattonella antiqua red tide events have frequently happened in the Ariake
Sea. As a result, more detail about Chattonella antiqua is discussed.
Figure 2.13 Causative planktons and the number of blooming events
Source: Fisheries Agency, Japan, (2006)
Figure 2.14 Harmful phytoplankton in the Ariake Sea
Source: Kagoshima Prefectural Fisheries Technology and Development Center, (2008)
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According to taxonomy of red tide, Chattonella genus belongs to the class
Raphidophyceae. Chattonella cells are round, oval to tear-drop shaped. As cells have
no walls and are fragile, cell shapes change very easily. Two flagella come out from
sub-anterior part of the cell. Many rounds to discoidal chloroplasts are located near
the surface, radially from the center of the cells. So far, seven species have been
classified based on such criteria as cell shape, size and presence of mucocysts
(Chihara et al., 1987).
Comparison of each species has been discussed in details by Hara and Chihara,
1982; Chihara et al., 1987 and Hara et al., 1994.
(1) Chattonella subsalsum (Fig.2.15(a)): The cell is oval with a short pointed tail. The
cell is small, 30-50μm, and green colored. A red tide was reported along the French
Mediterranean Coast (Biecheler, 1936), but the spices has been never found in Japan.
(2) Chattonella antiqua (Fig.2.15(b)): The cell is large oval, slightly flattened, with a
prolonged posterior tail. The cell is often large, 50-130μm, and yellow brown to
golden brown in color. The species is distributed in Japan.
(3) Chattonella marina (Fig.2.15(c)): The cell is almond-shaped to oval, slightly
compressed, with a short posterior tail. The cell is small, 30-55μm, and yellow brown
to golden brown in color. These species is widely distributed in Japan and in tropical
Asia.
Figure 2.15(a),(b) and (c) Chattonella subsalsum, Chattonella antiqua and
Chattonella marina
Source: Hara and Chihara, (1987)
(a) (b) (c)
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Life history of Chattonella
The life history of Chattonella had long been an enigma before the discovery
of cysts. Now, the morphology of Chattonella antiqua cysts has been identified and
the conditions for cyst formation are known. Yamaguchi and Imai (1994) determined
the nuclear DNA contents at various stages (vegetative cells, pre-encystment small
cells, cysts production in culture, natural cysts, and small cells within 24 h after
germination) in the life history of Chattonella antiqua. They also found that
vegetative cells of Chattonella antiqua were diploid and cysts were haploid.
Chattonella antiqua has a diplontic life history as shown in Fig.2.16.
Figure 2.16 Schematic representation of life history of Chattonella antiqua and C.
marina, based on DNA microfluorometry
Source: Yamaguchi and Imai, (1994)
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In Fig.2.16 G1 phase is the major period of cell growth during cell lifetime
and G2 phase is the shortest subphase during interphase within the cell cycle in which
the cell undergoes a period of rapid growth to prepare for mitosis.
Vegetative cells of Chattonella antiqua ordinarily multiply by asexual binary
cell fission. The nucleus of the G1 cell of Chattonella antiqua was oblong, about 14
μm long by 10 μm wide, and that of the G2 + M cells was similar in appearance but
larger, about 23 μm long by 15 μm wide (Yamaguchi and Imai, 1994).
Annual life cycle of Chattonella
In the Seto Inland Sea, red tide of Chattonella antiqua is caused by the motile,
planktonic stage in its life history during the summer season. Since water temperature
descends to around 10 oC or below in the Seto Inland Sea during the winter season, it
cannot overwinter as vegetative cell (Yamaguchi et al., 1991). It has cyst stage for
overwintering, and the cysts play a major role in the total ecology by serving
important functions (Wall, 1971; Fukuyo et al., 1982; Anderson et al., 1983; Dale,
1983). Cysts settle to bottom sediments to overwinter and the germination of cysts
provides the inoculums into overlying waters for blooms in summer.
In the Seto Inland Sea, water temperature seasonally fluctuates. Temperature
of around 10 oC or below is usual in winter and 25 oC or higher in summer. According
to field observation and laboratory experiment using sediment samples collected from
the Seto Inland Sea, it was confirmed that the temperature is a crucial factor affecting
the physiology of cysts of Chattonella (Imai and Itoh, 1987; Imai et al., 1989, 1991.)
Fig. 2.17 shows the effects of incubation temperature on the germination of
mature cysts, and of storage temperature on the maturation of dormant cyst in
sediments (Imai et al., 1989; Imai, 1990). The germination of Chattonella cysts was
not possible at 10 oC, very low at 15 oC and 18 oC, which it increased at 20 oC or more.
Storage temperatures of 15 oC and 18 oC are critical for the maturation. When mature
cysts of Chattonella in sediments are stored at low temperature of 11 oC or below, the
germinability is maintained. They gradually lost the germinability at 15 oC and 18 oC
during storage, and did so rapidly at 20 oC or more. Thus, the cysts of Chattonella
have a temperature window for vigorous germination corresponding to the bottom
temperature in early summer in the Seto Inland Sea ( 20 oC or higher).
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Figure 2.17 Effect of incubation temperature on the germination of mature cysts
of Chattonella, and of storage temperature on maturation of dormant cysts in
sediment
Source: Imai, (1989) and Imai, (1990)
Laver productivity in the Ariake Sea decreased during cultivation period of
2000. Laver lost its black color and turned pale yellow because of unusual red tide,
Rhizosolania, which came from the open sea. This problem affected large number of
laver cultivation groups and brought environmental situation of the Ariake Sea to
public concern. At present, many researches are carried out in order to investigate the
environmental situation in the Ariake Sea and the causes of the red tide. This study
found that Chattonella antiqua is the typical red tide species in the Ariake Sea.
Although this study does not aim at solving the problem of laver productivity, the
analytical tools developed in this study and the information obtained from water
quality analysis can give some explanation about the situation of the Ariake Sea
especially red tide situation, which may lead to solution of the problem.
Ef
fe
ct
s(
re
la
tiv
e
va
lu
e,
%
)
100
50
0
Temperature (oC)
10 15 18 20 22 25 30 5 11 15 18 20 22 25
Germination Maturation
20
2.4 Numerical models of the Isahaya reservoir and the Ariake Sea
Three key aspects of models are emphasized by this insightful definition:
First, models are concerned with discovery. Second, models are concerned with
behavior. Third, models are at the same time both true and untrue (Robert and John,
1987). To make progress on the problem, we need first to develop a mathematical
model of what is going on, and then apply a numerical method to approximate the
solution to that mathematical model. Numerical models provide a framework for the
integration and synthesis of existing knowledge about the nature, and might offer
important contributions for understanding the scale of human disturbance and the
potential effectiveness of restoration action (Solidoro et al., 2006). With the
development of computing technology, numerical models are often employed to
simulate flow and water quality processes in coastal areas (Blumberg and Mellor,
1987).
Majone and Quade (1980) and Greenberger et al., (1976) paid considerable
attention to common problems encountered in modelling.
Veen (1982) noted that there were four lessons for good policy analysis. These
four lessons are as follow: reliability of model results, appropriateness of the results,
acceptance of policy conclusions, and continuity of available resources and models.
Model management is always required, particularly during the set-up, since a
slight change of model parameters may lead to quite different results. Nowadays, with
the development of numerical modeling paradigms, there is abundant knowledge
relating design parameters to outcomes (Chau, 2004).
Booij and Sokolewicz (1990) explained about the gap between hydrodynamic
model and ecological model. The hydrodynamic models tend to describe water
motion and resulting transport of matter in detail, and describe ecological process
very primitively. On the other hand, ecological models give a comprehensive
description of relations of water quality parameters but describe the hydrodynamic
processes crudely.
A water quality tank model was developed based on a tank model, which was
the original rainfall runoff model developed by Nakamura (1971); Sugawara (1972);
Nakasone and Nakamura (1984) applied the tank model to water quality simulation.
Nakasone et al., (2000) developed a water quality tank model classified by land use
for the simulation of nitrogen load.
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Over the past decade, there has been a widespread interest in the field of
numerical models to assess the impact of human activities on the quality of coastal
waters. With rapid advances in computer technology and continual development of
modeling techniques, accuracy and wider application could be achieved and the
utilization of numerical models as a tool for the assessment of environmental impact
could be further promoted.
After Isahaya dyke have been constructed, water quality in the Isahaya
reservoir was much worse than predicted. Since water quality in the Isahaya reservoir
and the Ariake Sea has been deteriorated, many researchers attempt to reveal the
cause of these effects. During winter 2000, red tide occurred in the wide area of the
Ariake Sea. Many researches have suspected that the reclamation project in Isahaya
Bay at the inner part of the Ariake Sea might be a major cause.
Suzuki (2002) reported that the Isahaya-Bay sea reclamation was thought to
change the nature of tidal flows and their sediment load, both of which were
important environmental factors causing impacts to the environment in the Isahaya
Bay and in the Ariake Sea as a whole.
Some researchers have focused on water quality and environmental change in
the Isahaya reservoir. Hodoki et al., (2006) developed a two-layered box model using
data obtained in August 2001 to estimate dissolved oxygen (DO) consumption rate in
the bottom layer in the Isahaya Bay. The authors reported that DO consumption rate
was high (0.61 mg O2 L -1day-1). Hodoki et al., (2006) suggested that enclosed seas
may suffer from eutrophic and hypoxic conditions because of their low
seawater-exchange rate.
Nakagawa et al,. (2001) used satellite remote sensing technology to find the
relation between the spatial distribution of suspended solid (SS) and land cover
characteristics. Their results indicated the clear changes in marine and land
environmental before and after the Isahaya project. The SS concentration has
increased after closing dyke as shown in Fig.2.18.
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Figure 2.18 SS distribution in Isahaya reservoir
Source: Nakagawa et al., (2001)
Noguchi et al., (1999) applied two-dimensional model to simulate water
quality in the Isahaya reservoir from April 1997 to December 1997. However only
suspended solid (SS), inorganic nitrogen and organic nitrogen simulation results were
shown in their paper and organic nitrogen simulation has not good relation with the
observed data. The authors revealed that the temporal distribution of rainfall is
influential to SS, which significantly increased due to the supply from the bottom
under storm weather. They also supposed that chloride desorbed from the bottom mud
and intruded through the dyke gave influences on chloride distribution in the
reservoir.
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Many researchers pointed out the impacts of the Isahaya-Bay sea reclamation
on the Ariake Sea and reported that tidal amplitude change by construction of the
Isahaya dyke brought about environmental-social-economic problems. Unoki (2002)
concluded that after 1988, from the analysis of tidal amplitude changes observed at
tidal stations near the head of Ariake Bay, 65 % of the reduction of tidal amplitude is
attributed to reclamation project in Isahaya Bay. Koibuchi (2004) mentioned that, in
the past, strong tidal mixing range and high turbidity prevented red tide occurrences
and incidence of oxygen depletion in the bottom water in the Ariake Sea.
Sato et al. (2006) used laboratory scale hydraulic model, particle image
velocity (PIV), and simulated MEC (Marine Environmental Committee) Ocean model
to simulate the tracer distribution on the water surface in the Ariake Bay. By using the
model, they tried to investigate the effect of the DCG (Density Current Generator) in
Ariake Bay, where a dyke in Isahaya Bay was suspected of changing the physical and
ecological environments. Their focus was on how the emitted water spreaded near the
emission point while keeping high concentration of nutrients. Their numerical results
showed that water discharged from the apparatus spreaded in the head of the bay for a
couple of weeks with high concentration of nutrients in the Ariake Bay.
In recent years, hypoxic water has been observed due to the occurrence of red
tide. Oxygen supply by the photosynthesis was small in the Isahaya Bay and
eventually oxygen deficient water appeared (Saito et al., 2004). Hypoxic water was
observed for the first time on June 1999 at the head of Isahaya Bay (Sato et al., 2001).
In August 2001, hypoxic water was derived from the reclamation area (Hodoki et al.,
2006) and the oxygen depleted water distributed off Tara and Isahaya Bay (Murakami
et a.l. 2001). By these observations, it became evident that oxygen depleted water was
formed in Ariake Bay (Koibuchi, 2004).
Many researches focused on water movement and water quality in the Ariake
Sea and its watershed. Vongthanasunthorn (2004) developed the simulation model of
the Chikugo Basin based on the tank model and one-dimensional river model. For
water management in the Chikugo Basin and the Ariake Sea, this Chikugo Basin
model is integrated with two-dimensional water quality model of the Ariake Sea.
Water quality model in the Ariake Sea is developed based on the finite volume model,
so-called the box model. The author stated that new concept for management of river
flow and water quality should be established by considering natural loadings from
mud bed and discharged loadings from land area.
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Yanagi et al., (2006) developed box model to investigate seasonal variation
in transverse and layered structures of estuarine circulation in Ariake Bay from 1990
to 2000. Their results showed that during summer; the transversely separated cyclonic
circulation developed in the upper layer with large river discharge. From fall to spring,
two-layered gravitational estuarine circulation was affected by wind-driven current
with small river discharge (Fig. 2.19).
Figure 2.19 Schematic representation of the seasonal variation in transverse and
vertical estuarine circulation in Ariake Bay
Source: Yanagi et al., (2006)
Hiramatsu et al., (2004) used depth-averaged two-dimensional numerical
model based on finite difference method to predict tidal flow and suspended sediment
concentration in the Ariake Sea. They mentioned that to predict suspended solid (SS)
in the Ariake Sea, the critical shear stress and resuspension rate of sediment should be
considered. However, the Task Committee of ASCE (1968) has summarized that there
is no functional relationship between cohesion and grain size of erosion and
transportation of cohesive sediment. Some researches developed models from
laboratory experiments that used cohesive bottom mud sampled at the Ariake Sea
(Umita et al., 1988, Hiramatsu et al., 1991 and Kondo et al., 1993) and in situ
measurements in Isahaya Bay (Kondo, M., et al., 1996).
Other previous studies on water quality in the Ariake Sea related to this
dissertation work by various authors are listed as follow.
Gan et al., (2000) showed that seawater from the open sea flows
counterclockwise along the coast before leaving the Ariake Sea from the west of
Hayashi Strait.
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Araki et al., (2001) stated that the tidal range increased along the gulf axis
from the mouth to the innermost part. The tide level has a cyclic pattern with a period
of approximately 28 day.
Araki et al., (2002) simulated the tidal flow and material transport in the
Ariake Sea by using MIKE21. Simulated water movement and salinity before and
after the closure dam installation were compared. The obtained results demonstrated
slight change in tidal level and tidal current due to the closure dam. Important
phenomena in the shallow sea such as resuspension were taken into account. The
author suggested that MIKE21 was more effective when simulating water quality in
the innermost area.
Yamanishi et al., (2002) indicated that bottom deposits in the west side were
composed of fine particles like silt and clay. The deposits with larger particle size
such as fine sand were observed in the east side of the innermost area. Results of the
investigation agree with characteristics of water movement in the Ariake Sea.
Kawaguchi (2002) analyzed environmental changes in the Ariake bay using
data collected at 22 stations in the costal area of Kumamoto, Japan from 1995 to 2000.
The author pointed out that decrease in DIN with increase of chlorophyll-a was
observed in the latter half of the crop producing season in 2000. Although the
seawater temperature in 2000 was slightly lower than that in 1995-1999, no difference
was detected in salinity. The author suggested that temperature and salinity were not
the major parameters affecting the physiologies of layer and phytoplankton. On the
other hand, the decrease in DIN for four years after construction of the dyke at the
mouth of the Isahaya Bay had statistically significant effect on the physiologies of
lava and phytoplankton for six years.
Koh (2003) investigated microphytobenthos in terms of chlorophyll-a (Chl-a)
in the tidal flat of the Ariake Sea and its contribution to the coastal ecosystem. The
investigation indicated that the resuspension from the tidal flat contributed to Chl-a in
the overlying water whereas the Chl-a in the central part of the Ariake Sea was
predominated by biological process.
Ohgushi et al., (2004) studied water quality in the Ariake Sea using remote
sensing and field observation. The results obtained by these observations could
explain the characteristics of water quality in the inner part of the Ariake Bay. The
chlorophyll-a increases in spring and it consumes DO.
Don et al., (2005) developed a water quality model coupled with a
hydrodynamic model to simulate flow, current velocity, water quality and sediment
transport in the Ariake Sea. The computed spatial distribution and temporal variations
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of flow velocity, salinity, chlorophyll-a, nutrients, DO and suspended solid showed
good agreement with field observation. The simulated results demonstrated the
seasonal changes of water quality constituents in response to the weather and the flow
boundary conditions. Higher concentrations of nutrients and chlorophyll-a are
observed in the inner bay during the summer periods. High suspended solid
concentrations are found in the western part of the inner bay.
Yokose et al., (2005) summarized environmental assessments of the Ariake
Bay during the past 100 years based on marine sediments. The concentrations of
heavy metals, such as Cr, Ni, Zn and Pb in the marine sediments are about one-third
of those of the highly polluted marine sediments recorded in Tokyo Bay around 1970.
The complementary relationship of the vertical profiles in the spatial distribution
suggests that the continuous migration of the sedimentary province was governed by
the geometrical arrangement of the estuaries of major rivers and by the tidal
circulation pattern in the Ariake Sea.
Hang et al., (2007) simulated long-term water quality for water environment in
the Ariake Sea. The simulation was achieved through the hydrodynamic linked water
quality models. The simulated results showed a good agreement with the observed
data. The author revealed that a good model for water quality analysis of the Ariake
Sea been obtained. The simulation results indicate the seasonal variation of some
water quality constituents in response to weather and boundary conditions. Higher
concentrations of nutrients and phytoplankton are observed in the innermost part of
the Ariake Sea during the summer periods, when high discharge loading from rivers
and high release and resuspension from the bottom mud are predominant.
Don et al., (2007) studied the hydrodynamic characteristics of water flow and
suspended sediment transport in the tidal flat of the Ariake Sea, using a numerical
hydrodynamic mud transport model. The model was calibrated with observed water
level, current, salinity and suspended solid concentration data. The model could
reproduce the dynamic processes of water flow, current velocity, salinity and
suspended solid concentration over simulation period. The author found that the tidal
currents play an important role in the sediment resuspension in the tidal flat area and
the majority of the released sediment in both during ebb and flood tides will deposit
on the tidal flats. Most of the sediment delivered by inland rivers surrounding the tidal
flat is deposited in the western part of the Ariake Sea.
Hang et al., (2007) studied on the effect of the Isahaya reservoir to water
quality in the Ariake Sea using the ecosystem model couple with a hydrodynamic
model. The author found that the effects of the Isahaya reservoir to the water quality
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levels in the Ariake Sea are very less. The dam seems to provide effects only to water
quality in the areas near to the dam during its high discharging flow rates from the
two sluice gates.
Ishii et al., (2008) study on long term change of SS in the Ariake Sea from
1977-2005. They concluded that there is the relationship between SS and transparency
in the Ariake Sea. Transparency is gradually increased with decreasing of SS. It is
reveals that increasing of transparency in the gulf mouth part and the central part is
influenced by water movement in the open sea. The settling velocity of SS is
increased and the resuspension of mud bed is limited. In order to get good simulation
result of SS, transparency, settling velocity and resuspension rate should be carefully
concerned.
The relationship on water quality in the Isahaya reservoir and the Ariake Sea is
not clear. Water quality in the Isahaya reservoir should be concerned with the Ariake
Sea, simultaneity. In order to provide the information for water quality management,
the integrated water quality model in both areas should be carried out.
2.5 Public concern and policy analysis
Management of water affects many different aspects of social development
and well-being; thus, a wide range of different groups are stakeholders in the
management of water resources. Stakeholders include the public at large (e.g.
residents and consumers), public servants (e.g. policymakers and their coworkers,
members of the legal system, health and environmental workers, institutional and
organizational representatives) and the private sector (e.g. farmers, industrialists,
workers and water managers). When changes in water resource management policy
are being considered, stakeholders have expressed several concerns.
Study on the present situation is necessary to afford public concern and policy
analysis issues. The Ministry of Agriculture, Forestry and Fisheries reported in 2001
that the chemical oxygen demand (COD), total phosphorus (TP), and total nitrogen
(TN) were higher that the target levels for a reservoir (Fisheries Agency of Japan,
2001b). Water quality in Isahaya reservoir has been deteriorated by nutrients loads,
and these nutrients have accelerated the growth of algae in reservoir since the
initiation of the reclamation project. During winter 2000, a poor seaweed harvest was
occurred in the Ariake Sea. Many local fishermen believed that this occurred
because of the influence from the reclamation project. They tried to battle to stop the
Isahaya-Bay sea reclamation and requested to open the water gate as shown in
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Fig.2.20 and 2.21. This reclamation project has been interested for the media. The
media provided many issues and their importance at the local, regional, and national
levels.
Figure 2.20 Fishermen in front of the Fukuoka high court
Source: The Japan Times, (2005) and the Asahi Shimbun, (2005)
Figure 2.21 The dyke at Isahaya bay
Source: Nature, (2002)
From the Isahaya-Bay sea reclamation and the Ariake Sea, present situation
represent the basic require of social. This is the foundation knowledge for public
concern and policy analysis.
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2.5.1. Public concern
Public concern over water quality has not declined, and in many ways has
grown sharper in recent years. The Isahaya-Bay sea reclamation contributes to a more
reliable supply for various water uses; prevent the damages from high tide and
flooding. It also has social and environmental impacts. On one hand, the Isahaya-Bay
sea reclamation developments produce various favourable effects by preventing the
damage from high tide and flood control. On the other hand, it causes various impacts
on the natural and social environment. The elements of the natural environment are
water quality, aquatic organism and seaweed, the ecosystem and landscape. Serious
social problems incurred by developments include those concerning properties,
residents and the cultural heritage of flooded communities. These damages tend to be
more serious in recently. Furthermore, not only is the Isahaya reservoir surrounding
areas influenced, but the changes in ecosystem can also influence the whole fishery,
or cause coastal changes in the Ariake Sea. However, there are no concrete standards
for the evaluation of such problems, which are worldwide recognized. Each country
analyses problems and takes measures in its own way, because each has its own
specific hydrological conditions, governmental organization, economic standards,
financial situation and decision-making processes. Skills in developing measures
against environmental changes and in preserving cultural heritage are being advanced.
More governmental care is being taken in such matters. Consequently, damages and
environmental measures have cost a higher percentage of total development costs.
The impacts by land reclamation project are growing into a matter of global
concern, particularly where environmental issues are involved. There are many
changes in natural phenomena in the Isahaya-Bay sea reclamation and the Ariake Sea
coastal area. Under these circumstances, it should be carefully concerned both
advantages and disadvantages of the Isahaya-Bay sea reclamation.
Management of water environment affects many different aspects of social
development and well-being; thus, stakeholders in the management of water
environment are wide range of different groups.
People’s perception to the risk is influenced by factors other than numerical
data and, in the public domain, perception equals reality. “Once public work starts, it
never stops” in December of 1997 Prime Minister Ryutaro Hashimoto directed the
public work relation of ministries and agencies concerning public works to
introduce the reevaluation system of public works (Kunishima et al., 1997).
Kunishima et al. (1997) commented that to achieve the systematic and synthetic water
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quality protection countermeasure, the basis of the specialist’s view and opinion
should be carried out by administration.
Now seaweeds and shellfishes aquaculture face various problems such as
changes in coastal environment by pollution and land reclamation. On the other hand,
the function of these aquacultures for water purification attracts attentions of people
together with the increase of interest to environment issues (Kurokura, 2004).
The public concern for environmental degradation and the media’s
environmental coverage in Japan arose with the onset of severe pollution problems
from the mid-1950s (Ohkura, 2003). Many articles regarding the Isahaya issue were
printed in the Japanese newspapers.
The criticism increased after shut off the inner part of the Isahaya Bay in April
1997. Since the closure of the dyke, nature in the Isahaya Bay has been change. Some
species of bivalves have been changed because of changing the salinity and
temperature (Sato et al., 2002). During winter 2000, poor seaweed production
occurred in the Ariake Sea. Local fishermen alleged that deterioration of water quality
caused by the reclamation project resulted in a poor harvest. Since January 2001,
fishermen from Fukuoka and Saga Prefectures have begun to protest against the
reclamation project. Fishermen and seaweed farmers in this suffered area opposed the
reclamation plan because they concerned Isahaya Bay as an important fishery and
pleaded the court. Protesters battled to stop the government’s reclamation project in
Isahaya Bay. The Isahaya-Bay sea reclamation was suspected on account of seaweed
production problem (Kyozuka, 2003). Seaweed farmers require opening the 2 water
gates since the dyke and the reclamation area became a social problem. To solve this
problem, a so-called third party committee was founded in the Ministry of Agriculture,
Forestry and Fisheries of Japan. The committee proposed the investigation by the
opening the water gates near the end of the dyke from April, 26 2002 to May, 20 2002.
Instead of empathy environmental, economic and social concerns, the government
decided to complete the Isahaya-Bay sea reclamation by the end of fiscal 2006.
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2.5.2. Policy analysis
Rivers, lakes, seas… Human society is surrounded by various elements of the
water environment. Water is the key to socio-economic development and quality of
life, and therefore an essential factor to be properly linked to other development
factors. Water is an essential resource for agriculture, industry, energy production,
tourism, urban life, nature and wildlife. Relevant issues are, amongst others, the
quality and quantity of water, freshwater supply, the right to safe drinking water, and
the decline of freshwater ecosystems, such as rivers and lakes (Oddrun, 2002). Japan
has periodically suffered from severe water shortages, particularly since the rapid
economic and population growth that began in the 1960’s. Government policies,
however, combined with supporting institutional and legal frameworks, as well as
enforcement, seem to have effectively addressed the problem (The World Bank,
2006).
Concerning water quality, including siltation of reservoirs and environmental
damage from runoff of pesticides, fertilizers, or animal wastes should be concern for
environmental problem in order to making a preliminary assessment of policy
(Tomich et al., 2004).
Veen (1982) stated that the developments in the Netherlands have created a
need for integrated water management policies, i.e. policies that result from a well
balanced and integrated planning and decision making process, taking into account all
relevant users and interests their interrelations. Given the complexity of the policy
area and the policy making process, policy analysis plays an important role in drafting
these policies.
There are two main reasons why policy analysis might play an important role
in solving water management problems: the complexity of the policy area and the
complexity of the policy making process. Given the nature of the policy making
process, a number of requirements for policy analyses in the field of water
management can be formulated.
There are a number of practical considerations. The analysis should yield
information on all relevant aspects, within a certain budget of time and money. The
methodology used should be sufficiently reliable, and flexible enough to deal with the
various water management policies as these are formulated before and during the
analysis. Moreover the approach to the various elements of the water management
system should be consistent both in a technical sense and with respect to the level of
detail considered. Furthermore, there are a number of requirements that increase the
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probability of acceptance of the policy analysis results. Most important is that the
methods and principles of the analysis should be made clear and the assumptions
explicit. The approach should be seen as objective, which may require the analysis to
be carried out by parties other than the ones directly involved. The continuous
involvement of decision makers and interest groups at an early stage and later on is
necessary. This requires that the parties involved should recognize the problem and
the need to carry out a policy analysis.
Policy analysis is an important procedure in water management before the
final decision will be made because complexity of the water system limits an insight
in impacts of the policies. With policy analysis, it is possible to gain the better insight
in the impacts of the proposed policies. The objective of this procedure is to obtain
various measures in which all water users and functions of water are comprehended.
This procedure involves an analysis of the water system and its existing problems and
should be carried out by the representatives of water users, stakeholders, the involving
authorities and academic experts. In this section, basic concepts of policy cycle are
summarized and an insight in policy analysis is given through the review of Policy
Analysis of Water Management for the Netherlands (PAWN).
2.5.3. Policy cycle
As a part of policy cycle, policy analysis is demonstrated in Fig.2.22. It should
be noted that decision-making is not included in policy analysis. Some explanation
about basic concepts of the policy cycle (Koga et al., 1994) is listed below:
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Figure 2.22 Policy cycle
Source: Koga et al,. (1994)
 Determine of water users and functions of the water.
Each water user has one own interest. Function of the water for one user may
differ from others. However, this difference can be changed depending on how much
the user can compromise with other users. Naturally, most users try to protect their
interests as much as possible. Determination of all water users and water functions
provides an insight in current situation of the water system, which leads to problem
analysis.
 Problem analysis
Through the consideration of water users and functions of the water, some
valuable details of water environment can be obtained. Utilizing this information,
water problems at present as well as future situation can be pointed out in this
step.
 Determine of the goal and objective
Desires of the water users can be defined upon the determination of water
users and functions of the water. The desired situation or wishes of the society leads to
a certain evaluation criteria for the proposed policy.
 Design and pre-selection of alternatives
An alternative is composed of measures that are believed to solve the existing
problems. Pre-selection of alternatives helps reduce the number of alternatives and
screen unreasonable measures.
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 Impact assessment
It may be unavoidable to adopt modern computer-aided analysis methods in
system analysis or policy analysis when the water body is involved by many interests,
authorities and policy makers. Obviously, application of these methods may vary from
relatively simple one to very complex and extensive one. When possible, it is better to
choose the simplest method that can complete the task (CUR 1993).
In order to select the best choice, impacts of each alternative on the water system are
assessed. Numerical models and expert opinion are effective tools for impact
assessment. Based on scientific and technological aspects, prediction approach that
can give a quantitative insight of following factors is required.
 Impact assessment of policy alternatives and various measures
 Cost-benefit analysis
 Risk evaluation
The proposed alternatives must have political and bureaucratic feasibility and
be acceptable by the involving parties, who are in control of a part of water system. If
one of the involving parties cannot accept the alternative then that alternative is not
feasible and can be neglected, even if it is very promising in other ways. It is
suggested that the alternatives that are not feasible due to these reasons should be
eliminated as much as possible in the pre-selection phase to prevent unnecessary
research.
 Comparison and evaluation of the alternatives
The analysis results of each alternative are then compared with each other. After that
the alternatives are evaluated with the evaluation criteria.
 Presentation of the results
In this step, results of the evaluation are presented to the decision-makers and the
public. The presentation assists the decision-makers by providing an insight in
advantages and disadvantages of the proposed alternatives. It may consist of scorecard,
cost-benefit analysis, etc. Many decision-makers have very little technical knowledge.
Therefore, the presentation should be done as clear as possible and easy to understand
without using many technical expressions.
Being involved by many complicate processes and uncertainty of the nature make
policy analysis unable to give an exact prediction of the future, just a prediction of
future trends. Generally, implemented policies must be evaluated and adjusted if
necessary. Unforeseen side effects and changes in the demand of the society lead to
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the need for new policies and policy analysis, thus making the policy cycle round.
 Decision-making
As mentioned before, the procedure of decision-making is excluded from
policy analysis. It is left for political groups or bureaucratic groups. The
decision-makers have a difficult task to judge on the importance of the different units
and select the preferred alternatives. Providing uncomplicated and adequate
information obtained from policy analysis step can support the decision-makers to
make better decisions. This is why the policy analysis is considered important in
water management.
2.5.4. Development and application of numerical models in water management
In the present days, computers are greatly developed in computational
capability and widely employed in various branches of works. As analytical tools,
numerical models play important roles in water management. General concepts in
development and application of numerical models in water quality management are
summarized below:
1. A simple model is preferable if it can sufficiently solve the problem and
provide accurate results. It is not necessary to include all parameters and
variables in the analysis. However, interrelation among various water
quality parameters must be clearly understood.
2. It is preferable to use a specific model to solve the problem rather than a
generalized multipurpose model because the generalized model is expensive,
difficult to understand, requires a number of data and sometimes cannot
handle the problem in micro level.
3. Not only the mathematical method used in model development, but attention
should also be paid to the validity of each parameter in the model. Too many
assumptions on the model parameters will result in unreliable and useless
outputs.
4. Modeling and data collection process should proceed in parallel. Modeling
often gives a better insight to the type of data that should be collected.
Besides the existence of the data, its accessibility, accuracy and usability are
also important. Raw data often require a great deal of messaging before it
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can be converted to a form where it can be used as input to a model (Biswas,
1976).
5. The model should be developed in a way that obtained results can be linked
to the current decisions. It should be able to provide answers to the decision
makers’ questions such as what decision should be made to meet the final
goal and what would be the effects on water quality resulting from the
current decision.
6. The developed model should be up-to-date and useful for current application.
It should be updated when more information is available or understanding in
the processes and relation between parameters in the model gets improved.
7. It is important that the users clearly understand in principle and assumptions
of the model as well as applications and limitation of the model.
8. A good document manual is very useful for users in providing detail of how
to use the model. Principal concepts, assumptions used in the model and
limitation of the model should be clearly given in a manual.
Not only in water quality management, some of these concepts are also
applicable to other kinds of works in which the models are applied.
Providing useful information for decision-making processes, the integrated
water quality analysis, makes grate contribution to policy analysis in the Isahaya
reservoir and the Ariake Sea. Information obtained from this study will be provided
the analysis of water quality in order to assist decision-makers in quantifying the
implications of policy analysis for water resources development and environmental
protection in the Isahaya-Bay sea reclamation and the Ariake Sea.
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2.6 Summary
From literature review, it is found that there are changes in natural phenomena
in the Isahaya-Bay sea reclamation and the Ariake Sea. Some researchers pointed out
that, after the Isahaya Project, the environmental changes have been occurred in the
Ariake Sea. Deteriorated water quality and aquatic cultures have been mainly
discussed. After the Isahaya-Bay sea reclamation, environmental changes have not
been occurred only in the Isahaya reservoir but also in the Ariake Sea. Beside these,
social and economic problems have been occurred. As reviewed from many articles
such as newspapers, fishermen in this area have appealed the restoration in this
damaged area. From the previous researches, there are many conclusions to reveal the
environmental changes in Isahaya reservoir and the Ariake Sea; however, the main
objective of all these researches can be same because these can provide the
information from scientist’s point of view in order to aid the decision maker for
selecting a better alternative of the final policy in sustainable management of water in
the Isahaya reservoir and the Ariake Sea. Many researches related on water in the
Ariake Sea have been briefly reviewed; however, there have been presently quite a
few researches to focus on water quality in Isahaya reservoir. Water quality analysis in
the Isahaya reservoir is required. Next chapter this topic will be discussed.
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CHAPTER 3
WATER QUALITY SIMULATION IN THE ISAHAYA
RESERVOIR
3.1 Introduction
“Thou canst not stir a flower, without troubling of a star”. (Francis Thompson,
1859-1907)” When you keep a flower, at that time the world can be shaken by you.
Small variations in the initial condition to nonlinear dynamical system may produce
large variations in a long term behavior of the system. Change in environmental
conditions may affect the survival of living cells. The environmental conditions in the
Isahaya Bay have been changed since the beginning of the reclamation project. The
physical, chemical and biological changes in the Isahaya Bay have happened and
affected each other. Water quality in this reservoir has been deteriorated by the
nutrient enrichment, and these nutrients have accelerated the growth of algae in the
reservoir since the initiation of the reclamation project. Furthermore, the chemical
oxygen demand (COD), total phosphorus (TP), and total nitrogen (TN) have been
higher concentration than the goal levels for the reservoir (COD 5 mg/l, TN 1 mg/l
and TP 0.1 mg/l).
The algal biomass production changed from the beginning of project due to
the many environmental changes, thus, the study on algal productivity growth is
required issue. Main purposes of this chapter are to analyze the mechanisms of water
quality changes and algal growth in the Isahaya reservoir using a water quality model.
3.2 Problem analysis in the Isahaya-Bay sea reclamation
One of the most important steps in water management is problem analysis.
Before carrying out problem analysis for water management in a watershed, it is
necessary to determine water users and functions of the water. Details of the Isahaya
reservoir such as topography, climate, characteristics of water quantity and water
quality, etc. are necessary information that can provide an insight in current situation
of that reservoir. With the recorded data of the Isahaya reservoir, we can find out
causes of the problem or search for appropriate solutions of the problem.
Determination process for final goals and objectives are frequently done based on the
results of problem analysis (Vongthanasunthorn, 2004).
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Problem analysis consists of three major steps: 1) understanding the problem
assessing the conditions that concern in model; 2) choosing and explaining relevant
policy goals and constraints; and 3) choosing the solution method (David and Aidan,
1998). The problem analysis is to define the problem, how big it is, how many people
does it effect, what variables influence it.
In this chapter, general information and historical information of project are
carried out in order to understand the problem condition in the Isahaya reservoir.
Based on results of problem analysis, numerical model of the Isahaya reservoir is
developed in this chapter. The developed models are applied in the analysis on water
quality in the Isahaya reservoir and the Ariake Sea.
General information
Isahaya Bay is located in the west-central portion of Ariake Bay near Nagasaki
Prefecture (32.98 N, 130.28 E) as shown in Fig.3.1. Isahaya reservoir was constructed
at the innermost sea of the Isahaya Bay. Isahaya Bay is the largest bay (100 km2)
within the 1700 km2 of the Ariake Sea. The bay had 30 km2 of tidal mudflats which
were created by sediment from rivers flowing into the Ariake Sea and circulated
around and deposited in the bay by currents. Isahaya Bay is known to be the most
productive of all the bays in the Ariake Sea and provided wildlife for food, shelters
and habitat. Reclamation activities along the Ariake Sea coastline can be traced as far
back as the year 607 (Yamashita, 1989).
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Figure 3.1 Isahaya reservoir and its watersheds
Major rivers and catchment area of the Isahaya reservoir are shown in Fig.3.1.
There are 4 rivers namely, Honmyo River, Fukami River, Yamada River and Sakai
River located in the catchment of the Isahaya reservoir. Total basin area of these
rivers is 249 km2 which is 3% of the basin area of the Ariake Sea. Total amount of
water discharged from all rivers are around 4.3 hundred million m3/year. Details of
each river basin are described in Table 3.1.
Table 3.1 Details of the watersheds of Isahaya reservoir
Watershed Honmyo River Sakai River Fukami River Yamada River
Watershed area
(km2)
88.5 19.2 42.6 62.8
Isahaya Reservoir
Reservoir Area: 26 km2
Storage Capacity: 2900x104 m3
50
The outline of watersheds of the Isahaya reservoir shows in Fig.3.1. Honmyo
basin is located in Isahaya City, Nagasaki Prefecture. Total area of this basin is 87
km2. Total length of the Honmyo River is 21 km. This river is designated as “Class A
river systems” in Japan. The Honmyo River runs through the Isahaya city and flows
into the Isahaya Bay. Fukami basin area is 12 km2. Total length of the Fukami River
is 8.1 km. The Fukami River runs through the Isahaya city and flows into the Isahaya
Bay. Total basin area of Yamada River is 8.5 km2. Total length of the Yamada River is
5.4 km. Yamada River is designated as “Class B river systems” in Japan. The Yamada
River runs through the Unzen city and flows into the Isahaya Bay. Sakai River basin
area is 18.2 km2. Total length of the Sakai River is 8.4 km. This river is “Class B river
systems” in Japan. The Sakai River runs through the Isahaya city and flows into the
Isahaya Bay.
The Isahaya-Bay Sea Reclamation Project was first proposed in 1952 with the
aim of turning the mudflats into rice fields after the Pacific War (1937-1945).
Isahaya-Bay Sea Reclamation Project started in 1988 and aims to create 8.16 km2 of
farm land and protect tidal flood, at a total cost of 253.3 billion yen. The present plan
of the construction of sea-dyke and reclamation project originated in the previous one
called the “Total Plan Developing the Southern Part of Nagasaki District”.
In the 1970s, local groups began raising questions about the project, focusing
on the environmental degradation, but they did not succeed in having their opinions
discussed widely in the media. There are two main purposes of this project: one is the
flood prevention and/or mitigation and another one is the reclamation for agriculture.
As one of the severe floods, “Isahaya flooding in 1957” is well known. As mentioned
in chapter 2, Isahaya city often suffered disastrous floods by summer’s heavy rains.
The heaviest toll was recorded in 1957 when 760 lives were lost after downpours
continued for days. On this flooding, 1,109 mm was recorded as the daily rainfall
intensity, a record breaking at that time. Disaster prevention of these floods is an
important matter which should urgently be solved. Achieving these purposes, the
construction of sea-dyke and the reclamation of land are being carried out.
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Figure 3.2 Isahaya Bay
In April1997, the inner part of Isahaya Bay was closeted from the Ariake Sea
by 7 km long, and 200 m wide dyke as shown in Fig.3.2. After the construction of the
dyke, the Isahaya Bay was consisted of 2 parts as the reclaimed land and the Isahaya
reservoir. The polder in Isahaya Bay is approximately 8.16 km2 in area, including the
central area (7.06 km2) and the Oe side area (1.1 km2). The polder area was decreased
from the initial plan as shown in the historical reclamation plans of Isahaya-Bay Sea
Reclamation Project in Table 3.2 and Fig.3.3. Maximum storage capacity of the
reservoir in Table 3.2 is an effective storage capacity for critical flood. The Isahaya
reservoir was constructed for irrigation and to prevent flooding of agricultural lands
located around the construction site and on the reclaimed lands. The water level of the
reservoir has been maintained at 1 m below sea level to keep water storage volume for
flooding or inundation.
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Table 3.2 The historical reclamation plans of Isahaya-Bay Sea Reclamation
Project
Source: Kyushu regional agricultural administration office (2007)
Figure 3.3 Schematic view of Isahaya Bay and the reclamation project
Source: Kyushu regional agricultural administration office (2007)
Total area of project (ha)
10094 10094 8473 3900 3500 3542
Total polder area (ha) 4800 5918 4847 1740 1635 816
Agriculture area (ha)
3485 5485 4430 - 1477 693
Road area (ha)
315 433 417 - 158 123
Dyke area (ha)
583 536 468 360 205 126
Reservoir area (ha)
4711 3640 3158 1800 1710 2600
Max. storage capacity of
reservoir ( x104 m3)
25570 16860 17004 - 7200 7900
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Agriculture Minister Takao Fujinami said that “The reclamation project has
long been urged by local needs. The current ecosystem may disappear, but nature will
create another one” (The Japan time, 1997). However, during the heavy rain in July
1999, 92,000 people were in damage and suffer 600 million yen by flooding. The
efficiency of the project as a flood protection measure was called into question since
then (Japan Wetlands Action Network, 2005).
Japan Wetlands Action Network (2005) reported that the Ariake Sea has
suffered major damage by red tide algal blooms, poor harvests of cultivated seaweed,
steep declines in harvests of shellfish, and declines in catches of blue crab and other
commercially fished species by the closure of the Isahaya dyke. They called these
impacts as “The Ariake Sea Disaster.” Since then, many organization and local
fishermen began to bring a lawsuit.
In February 2001, a committee was set up by the Ministry of Agriculture,
Forestry and Fisheries to examine the poor seaweed harvest issue. In December 2001,
the committee assumed that the Isahaya-Bay Sea Reclamation Project was one of the
contributing factors to these problems. They suggest that opening gates in the Isahaya
dyke are required. The Ministry opened these gates in the spring of 2002 for a month.
In November of 2002, some local citizens and fishermen filed a lawsuit for
stopping the land reclamation project with the Saga District Court. On August 26,
2004, the Saga District Court judged a cause-and-effect relationship between
Isahaya-Bay Sea Reclamation Project and the damage to fisheries. The Saga Court
District issued a temporary order to stop the further work of the project.
On May 16, 2005, the Fukuoka High Court canceled the Saga District Court’s
judgment. The Fukuoka High Court said that there is not enough information to judge
the influence of the project. The Isahaya-Bay Sea Reclamation Project, which had
been temporarily stopped after the judgment of the Saga District Court, was restarted
again after the 16 May 2005 by decision of the Fukuoka High Court.
In response to the Fukuoka High Court decision, the fishermen sued to the
Supreme Court. On September 30, 2005, the Supreme Court said that it is not clear
whether this project has any influence on fisheries functions.
The Environmental Dispute Coordination Commission concluded that it was
difficult to find high probability of cause-and-effect relationship between the
Isahaya-Bay Sea Reclamation Project and fisheries damage in the Ariake Sea.
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3.3 Water quality model in the Isahaya reservoir
Water quality model in Isahaya reservoir is based on a completely mixed
reservoir model because there is almost no spatial distribution of observed water
quality (Koga et al. 2003). Dong et al., (2008) used completely mixed model (one box
model) to simulate water quality in the Chikugo Ozeki reservoir. They demonstrate
that one box model can be powerful tool to simulate water quality and eutrophication
phenomenon in the Chikugo Ozeki reservoir.
The vertical distribution of turbidity at station B1, B2 and S11 in the Isahaya
reservoir are shown in Figs.3.4, 3.5 and 3.6 respectively. These results show that
vertical distribution is uniform. Moreover the simulation result of chloride, which has
good agreement with observed data following in Fig.3.9, means that the reservoir is
completely mixed.
Figure 3.4 Vertical distribution of turbidity at station B1
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Figure 3.5 Vertical distribution of turbidity at station B2
Figure 3.6 Vertical distribution of turbidity at station S11
Water quality constituents in this model are chlorophyll-a (Chl-a), chemical
oxygen demand (COD), suspended solid (SS), total nitrogen (TN), dissolved
inorganic nitrogen (DIN), total phosphorus (TP), dissolved inorganic phosphorus
(DIP) and chloride (Cl).
The available observed data consist of database of the Committee in Isahaya
Reservoir Water Quality (Kyushu Regional Agricultural Administration Office, 2007),
annual record of river flow rate (Corporation of “JAPANRIVER”, 2003), and
meteorological data (Automated Meteorological Data Acquisition System – AMeDAS
2007).
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3.3.1. Continuity equation for the Isahaya reservoir
The continuity equation is a mathematical expression of the mass conservation.
The equation of mass conservation states that change of mass in the control volume.
Consider the Isahaya reservoir; inflows enter from watersheds and seawater
seepage from the Ariake Sea and outflow discharges from the Isahaya reservoir as
shown in Fig.3.7. No flow is permitted through the solid surface comprising the
reservoir.
Figure 3.7 Concept of continuity equation in the Isahaya reservoir
Continuity equation of Isahaya reservoir is shown in Eq.(3.1).
)()()()()( tQtQtQtQ
dt
tdV
rmtouin  (3.1)
Where )(tV = Isahaya reservoir capacity (m3);
)(tQin = inflow from the watersheds (m
3/d);
)(tQout = outflow from Isahaya reservoir (m
3/d);
)(tQm = inflow from the Ariake Sea (m
3/d) (Sea water seepage) and
)(tQr = direct inflow by rainfall (m
3/d).
Isahaya Reservoir
①
②
③
④
⑥
⑤
Ariake Sea
① Honmyo watershed Inflow
② Fukami watershed Inflow
③ Yamada watershed Inflow
④ Sakai watershed Inflow
⑤ Sea water seepage from the Ariake Sea
⑥ Outflow from Isahaya reservoir
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3.3.2. Sea water seepage into the Isahaya reservoir from the Ariake Sea
Inflow from the Ariake Sea ( )(tQm ) as shown in Fig.3.8 is estimated by
Darcy’s law as shown in Eq.(3.2). The overall permeability coefficient can be verified
by calibrating the simulated chloride concentration with observed values. The
simulated results are presented in Fig.3.9. Good agreement between the simulated
chloride and the observed chloride means that the amount of seawater seepage
computed by Darcy’s law is reasonable. Furthermore, the simulation results shown in
Fig.3.10 reveal that seepage amount of seawater from the Ariake Sea into the Isahaya
reservoir is around 30,000-50,000 m3 /d.
)]()([)( ththKtQ im  (3.2)
Where K = overall permeability coefficient (m2/d);
)(thi = daily sea water level (m) and
)(th = daily reservoir water level (m).
Figure 3.8 Inflow from the Ariake Sea
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Figure 3.9 Simulation results of chloride
Figure 3.10 Amount of seawater seepage from Ariake Sea
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3.3.3. Loading from each watershed and the relationship between observed
data
Inflow loading from each watershed is determined by relationship of loading
(L), and flow rate (Q). Coefficients of L-Q relationship, L= aQb, for SS, COD, TN and
TP are listed in Table 3.3.
Table 3.3 Coefficients of L-Q relationship for SS, COD, TN and TP
From the observed data, the relationships of SS and TP, Cl between DIP and
SS are shown in Fig.3.11. From Fig.3.11, direct relationship between TP and SS,
inverse relationship between DIP and Cl and no relationship between SS and Cl are
obtained. In other word, TP increases when SS increases; DIP decreases while Cl
increases but the relation between SS and Cl does not clear.
Figure 3.11 Relationships between TP and SS, DIP and CC and SS and Cl
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SS
The settlement flux of SS, [JSS (M/L2T)] and the coprecipitaion rate of DIP
with SS, [JDIP (M/L2T)] are explained in Eqs.(3.3) and (3.4) respectively.
)())(1()( tSStClutJ SSSSSS   (3.3)
Where SSu = settling velocity of SS (m/d);
SS = coprecipitation coefficient of SS (m
3/g);
)(tCl = chloride concentration (g/m3) and
)(tSS = suspended solid concentration (g/m3).
)()()( tDIPtJtJ SSDIPDIP   (3.4)
Where DIP = coprecipitation coefficient (m
3/g) and
)(tDIP = DIP concentration (g/m3).
The resuspension flux of SS due to wind [Jres (M/L2T)] from the mud bed is
calculated by wind velocity functions (wind shear stress) as expressed in Eq.(3.5).
Wind velocity and wind direction data at Shimabara station are used.
))(()1()( 2
*
2
* twf
U
UtJ dw
m
c
res   )( ** cUU  (3.5)
= 0 )( ** cUU 
Where  = resuspension coefficient (g/m2d);
)(* tU = wind velocity (m/d);
)(* tU c = critical wind velocity (m/d);
))(( twf dw = wind direction coefficient 10  wf (-);
dw = direction of wind velocity (-) and
m = constant (-).
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Wind direction coefficient is shown in Eq.(3.6).
)))(cos(1(5.01)( twwwwf dmcdw  (3.6)
Where cw = wind direction factor 10  cw (-) and
mw = critical wind direction for resuspension (-).
The governing equations for water quality model are shown in Eq.(3.7) to
Eq.(3.12). Simulation period is from April 1998 to March 2002. In order to provide
Chl-a concentration, three kinds of algae productivity, namely, diatoms, green algae
and blue-green algae are considered.
Chlorophyll-a
)()()())()(( )()())(( tVFtVPAtCHwLdt
tVtCHd
iii CHiCHiiitCHout
i

 (3.7)
(Chl-a accumulation) (Outflow loading) (Settlement) (Growth) (Decay)
Based on Monod equation, the growth rate of algae depends on the limiting
factor. This model is developed as a relatively simple model for the effect of
temperature, light intensity on algal growth rates into Monod equation. Algal growth
can be described by Eq.(3.8).
)(
)(
)(
)(
)(
)(
)(
1max)( tCHKtLu
tLu
KPtDIP
tDIP
KNtDIN
tDINfP i
Luii
iTmiCHi i 




  (3.8)
Decaying rate, FF, is defined as the factor describing all biological processes
leading to a decrease in algal biomass. The first order decay equation for diatoms and
blue green algae in the Isahaya reservoir water quality model is shown in Eq.(3.9).
)(2)( tCHfFFF iiTmiCHi i  (3.9)
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Temperature function for algal decay, fTm2, is calculated following the effect of
temperature on reaction rate, θi
T-20.
COD，TN，TP
dt
tVKtCHd
dt
tVtDd
dt
tVtSd
dt
tVtCd Eijijjj )))()((())()(())()(())()((  






(3.10)
Suspended
AtJAtJtLtL
dt
tVtSd
resSSoutSin
j
jjj


)()()()(
))()((
)()( (3.11)
(Accumulation) (Inflow load) (Outflow load) (Settlement) (Resuspension)
Dissolved
)()()()(
))()((
)()( tRAtJtLtLdt
tVtDd
jjjj DDDoutDin
j


(3.12)
(Accumulation) (Inflow load) (Outflow load) (Release) (Algae matter)
Where CHi = Chl-a concentration (mg/m3);
V = Isahaya reservoir capacity (m3);
Lout = outflow load (g/d);
wi = algae settling velocity (m/d);
A = Isahaya reservoir area (m2);
P = growth rate (g/m3-d);
F = decaying rate (g/m3-d);
μmax = maximum specific growth rate (1/d);
fTm1 = temperature correction function for growth (-);
fTm2 = temperature correction function for decay (-);
FF = decaying rate coefficient (1/d);
DIN = dissolved inorganic nitrogen concentration (g/m3);
DIP = dissolved inorganic phosphorus concentration (g/m3);
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KN = DIN saturation coefficient (g/m3);
KP = DIP saturation coefficient (g/m3);
Subscript i: (1: diatoms, 2: green algae, 3: blue-green algae);
Lu = solar radiation (cal/cm2-d);
KLu = solar radiation saturation constant (cal/cm2-d);
C = concentration (g/m3);
Subscript j: (1: COD, 2: TN, 3: TP);
S = suspended matter (g/m3);
D = dissolved matter (g/m3);
KEij = coefficient (-);
Lin = inflow load (g/d);
JSi = settlement flux (g/m2-d);
Jres = resuspension flux (g/m2-d);
JDj = release flux (g/m2-d) and
R = transformation rate to algae (only TN and TP) (g/d).
3.4 Sensitivity analysis
The significant of sensitivity analysis is to analyze mechanism. Contribution
of each mass transportation and mass transformation will be mainly discussed in this
chapter.
Through the sensitivity analysis, contributions of loadings from land area,
natural loadings from the mud bed and contribution of algal growth in the Isahaya can
be evaluated. The calibrated parameters in the water quality model are shown in Table
3.4. The sensitivity analysis is carried out under the following conditions as shown in
Table 3.5.
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Table 3.4 The developed parameters from the calibration
Parameter Description Value
Diatoms 0.469
Green algae 0.45max
Maximum specific growth rate
(1/day)
Blue-green algae 0.5
Diatoms 0.11
Green algae 0.08FF
Decaying rate
(1/day)
Blue-green algae 0.055
Diatoms (0,0,24)
Green algae (11,25,29)1Tmf
Temperature (Growth)
(lower, optimum, upper)
limited temperature
::Use optimum value::
Blue-green algae (23,28,34)
Diatoms 1.1
Green algae 1.12Tmf
Temperature correction function
(Death) 20Ti Blue-green algae 1.05
Diatoms 0.087
Green algae 0.087KN
Saturation constant of DIN (mg/l)
Blue-green algae 0.087
Diatoms 0.032
Green algae 0.032KP
Saturation constant of DIP (mg/l)
Blue-green algae 0.032
LuK solar radiation saturation constant (cal/ cm2/day) 100
SSU SS 0.1
1CW Diatoms 0.05
2CW Green algae 0.05
3CW Blue-green algae 0.05
SSCW COD 0.1
SSNW Nitrogen 0.1
SSPW
Settling velocity (m/day)
Phosphorus 0.1
65
Table 3.4(cont.) The developed parameters from the calibration
Parameter Description Value
Diatoms 0.05
Green algae 0.05
1,EiK
Conversion coefficient from
Chl-a to COD
(mg-COD/ μg-Chl-a ) Blue-green algae 0.05
Diatoms 0.007
Green algae 0.007
2,EiK
Conversion coefficient from
Chl-a to N
(mg-N/ μg-Chl-a ) Blue-green algae 0.007
Diatoms 0.0003
Green algae 0.0007
3,EiK
Conversion coefficient from
Chl-a to P
(mg-P/μg-Chl-a ) Blue-green algae 0.0007
COD 0.05
DN 0.0035
jDJ ,
Release flux
DP 0.0185
SS Coagulation coefficient of SS (mg/l)
-1 0.004
DIP Settlement coefficient (mg/l)
-1 0.0008
Critical wind
speed
cU* (m/s) 2.5
Resuspension
coefficient
β
(g/m2-day)
100
Wind
Direction
factor (-)
Wc 0.75
resJ Resuspension flux
(m=1)
Critical wind
direction for
resuspension
Wm
NE
K Overall permeability coefficient (m2/day) 34560
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Table 3.5 Sensitivity analysis cases
3.4.1. Results of suspended solids concentration
Simulation results of case 1, case 2a) and 2b) are shown in Fig.3.12a), 3.12b)
and 3.12c) respectively. The results of case 1 illustrate that SS has fluctuated widely
over the simulation time. High SS concentration occurs because of high discharged
loading during high rainfall periods. Therefore, it can imply that land load has strong
influence on SS concentration. Also, it is pointed out that settlement flux and
resuspension flux for better agreement with the observed data should be taken into
account.
In case 2a), by taking into account of settlement resuspension and algal
productivity, the simulation results concur with observed data and agreement is better
than the first case.
The results between case 1 and case 2 indicate that settlement and
resuspension play an important role on the change of SS concentration.
Case Considered condition
1
(External source)
- Contribution of loading discharged from land area
a) - Without coagulation-flocculation.
- Settling velocity of SS is fixed at
0.35 m/d.
2
(External source)
- Contribution of discharge loading from land area
(Internal sources)
- Contribution of algal productivity
- Contribution of resuspension and release from
mud bed
b) - With coagulation-flocculation
(coprecipitation) by seawater.
- Using parameters which shown in
Table 3.4.
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Between case 2a) and case 2b), when the settlement velocity is assumed to be
constant (0.35 m/d), it remarks that this fast value cannot be appeared in the actual
phenomena. Therefore, another reason to provide faster velocity is necessary and a
possible phenomenon is coagulation-flocculation (coprecipitation). As shown in
Fig.3.12c), in particular, when coprecipitation by seawater is concerned as the
function of SS settlement flux, while chloride concentration increases, settlement flux
is increased; whereas SS concentration in the water column is slightly decreased with
the reasonable settlement velocity.
However, the patterns of SS concentration in summer season (June to
September) in 1999 and 2000 were quite different since typhoon occurred.
In order to get better result on SS, additional governing equation in deposit
mud should be solved with mass balance equation in water column. The most
important phenomenon in the mud balance equation is settling phenomena such as
compressive settling in deposit mud. It is very difficult to the simulation results in
deposit mud because many experimental parameters should be given (Yamasaki, Y.
(2008)). Therefore in this dissertation, the mud properties for resuspension rate,
release rate and etc. are given as input parameters.
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a) Case 1 (Only contribution from land loading)
b) Case 2 a) (Constant settlement velocity)
c) Case 2 b) (With coagulation-flocculation)
Figure 3.12 Suspended solid concentration
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3.4.2. Results of TN and DIN concentration
Simulated TN and DIN concentrations of case 1 are shown in Fig.3.13. The
results show that simulated results of TN and DIN have disagreements with observed
data. The contribution of land load is flat line because of no production and no
loading from bed.
From the result of Fig.3.13, it is recognized that the release and resuspension
from the mud deposit and algal productivity should be taken into account.
After calibrating release, resuspension and algal productivity, the simulation
results of case 2b) are shown in Fig.3.14. The calibration results of TN and DIN show
good agreement with the observed data. These results indicate that the internal
sources such as algal productivity and contribution of mud bed play an important role
on nitrogen concentration and should be taken into account on sources of nitrogen.
It is shown that DIN drops sharply during high algae growth, the simulated
results in spring of 2001 differed from observed data. The simulation results are
higher than the observed data. In order to get better results on TN and DIN, it is
necessary to improve algal production model. However, basic knowledge and
observed data on algal species are limited. Therefore, the improvement of the
developed model should be performed on the future study.
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Figure 3.13 TN and DIN concentration of case 1
(Only contribution from land loading)
Figure 3.14 TN and DIN concentration of case 2)
(Contribution from land load, algal production and mud bed release)
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3.4.3. Results of TP and DIP concentration
Simulated results of TP and DIP of case 1, case 2a) and 2b) are shown in
Figs.3.15, 3.16 and 3.17, respectively. Fig.3.15 shows that the contribution of land
load is flat line as well as TN and DIN because of no production and no loading from
bed. Therefore it can be estimated that there are other source loadings of TP and DIP
in this reservoir. As same as the simulation of nitrogen, resuspension of TP, the
release of DIP from mud bed and uptake by algae should be taken into account.
In the results of case 2, DIP in some region is lower than case 1; however, it
approaches to the observed data due to algal uptake during growth phase. In contrast,
higher DIP in case 2 occurs because DIP is released from mud bed. The bed load
discharge, which supplies the phosphate into the water column, can cause the higher
concentration of TP and DIP in case 2 as well. As shown in Fig.3.16, the simulated
results are improved by taken account of algal productivity and bed load discharge.
The sensitivity analysis results between case 1 and case 2 indicate that the
contribution of algal productivity and bed load discharge are significant sources of TP
and DIP in this reservoir.
TP and DIP simulated results of case 2a) are moderately higher than observed
data; however, the discrepancy is obviously seen especially in region where the
observed data is less than 0.1 mg/l. In order to decrease DIP concentration in the
region, coprecipitation by seawater should be taken into account for increasing the
settling velocity of the adsorbed DIP by SS.
From Fig.3.17, better agreement of simulated DIP with observed data are
clearly seen. These indicate that the coprecipitation of DIP on SS to sea water should
be taken into account through coprecipitation.
72
Figure 3.15 TP and DIP concentration of case 1
(Only contribution from land loading)
Figure 3.16 TP and DIP concentration of case 2a)
(Contribution from land load, algal production and mud bed release)
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Figure 3.17 TP and DIP concentration on case 2b)
(Contribution from land load, algal production, mud bed release and
coprecipitation)
Coagulation-flocculation (coprecipitation) of DIP by sea water affects its
settlement velocity as shown in Fig.3.18.
Figure 3.18 Coprecipitation processes in the Isahaya reservoir
Coprecipitation
(Brackish water)
Mg2+Ca2+
PO43-
PO43-
PO43-
SS
SS
SS
Mg2+ Ca2+
Mg2+Ca2+Mg2+Ca2+
Se
ttl
in
g
74
3.4.4. Results of COD and Chl-a concentration
As shown in Fig.3.19, the simulated concentration of case 1 is lower than the
observed data. The results of Fig.3.19 shows influence of algal productivity on
increase of COD and effect of mud release in summer season. The calibration results
shown in Fig.3.20 are improved and fairly good agreement with observed value is
displayed except that during typhoon period occurs. During summer, COD
concentrations are increased highly by the algae activity and the release of dissolved
substances from the mud bed.
Concentration of algae are estimated in term of Chl-a. As shown in Fig.3.21,
Chl-a calibration results are increased during winter from December to March by
diatoms. Chl-a concentrations are increased by green algae and blue green algae from
spring to summer period.
The relationship between Fig.3.20 and 3.21 is not clearly seen that COD has
extremely comply with Chl-a throughout simulated period. For the future study in
order to develop this relationship, algal species and algal productivity factors should
be concerned more in detail.
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Figure 3.19 COD concentration calibration results of case 1
(Only contribution from land loading)
Figure 3.20 COD concentration calibration results of case 2
(Contribution from land load, algal production and mud bed release)
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Figure 3.21 Chl-a concentration from 1998 - 2002
3.5 Algal growth
In this section, analyzing algal growth in the Isahaya reservoir from 2003 to
2005 is carried out. Based on the observed data, relationship between cell number and
Chl-a of fiscal year 1997 to 2000 and 2001 to 2004 are illustrated in Figs.3.22 and
3.23, respectively. Relationship between cell number and Chl-a in Fig.3.23 has more
strength of an association than that Fig.3.22. It indicates a close relationship between
cell number and Chl-a during fiscal year 2001 to 2004. This closer relationship means
there are cause-and-effect between cell number and Chl-a during these periods. This
means that Chl-a influences (or causes) cell number.
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Figure 3.22 Relationship between cell number and Chl-a of the fiscal year
1997-2000
Source: The committee of water quality in the Isahaya-Bay land reclamation 16th
Figure 3.23 Relationship between cell number and Chl-a of the fiscal year
2001-2004
Source: The committee of water quality in the Isahaya-Bay land reclamation 16th
The results from Fig.3.23 are consistent with the ratio of diatoms from
observation data shown in Fig.3.24. Before fiscal year 2000, many kinds of algae with
low cell numbers appeared in region A of Fig.3.24; but after fiscal year 2000, most of
78
algal is dominated by diatoms with high cell number as shown in region B.
Figure 3.24 Ratio of diatoms and other kind of algae and algal cell
number (average value at station B1 and B2)
Source: The committee of water quality in the Isahaya-Bay land reclamation 16th
From Fig.3.25, the observed data of total cell and ratio of Chl-a from
phytoplankton to total Chl-a, shows that diatoms are the predominant phytoplankton
in the Isahaya reservoir.
Gate open
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Figure 3.25 Total cell and ratio of Chl-a from phytoplankton to total Chl-a at B1,
B2 and P1 observation points
Source: The final report of committee of water quality in the Isahaya-Bay land reclamation
3.5.1. Study on algal growth from 2003-2005
As mentioned before in algal productivity analysis, it is found that diatoms are
dominate stand during 2003-2005. In this period Chl-a accumulation can be generated
by algal growth in water body and resuspended from mud bed with suspended solids.
Then, Eq.(3.13) is developed from Eq.(3.7), that is, resuspension term is added. In
Eq.(3.13), αalgae is the ratio of algal productivity to resuspended solids from mud bed.
)()()()(
))()((
)()(lg))(( tVFtVPtJAtCHwLdt
tVtCHd
iii CHiCHiresaeaiitCHout
i



(Chl-a accumulation) (Outflow loading) (Settlement) (Resuspension) (Growth) (Decay)
(3.13)
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Eq.(3.14) is developed from Eq.(3.8). In Eq.(3.14), a relatively simple model
for the effect salinity on algal growth rates into Monod equation is added to Eq.(3.8).
With this model the combined effects of temperature, light intensity, salinity
concentration and nutrient limitation can be described. The temperature function,
nutrients, light intensity and chloride relationship with the Monod model are
described as:
)1()(
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)(
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)(
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1max)( M
CltCH
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(3.14)
Where  = chloride coefficient (-);
Cl = chloride concentration (g/m3) and
M = chloride concentration in the Ariake Sea (g/m3).
Fig.3.26 demonstrates the temperature coefficients for algal productivity in the
Isahaya reservoir obtained from the developed model. Simulation results of total
Chl-a from diatoms and blue green algae are shown in Fig.3.27. From Chl-a
simulation results, it can be seen that diatoms are predominant species in the Isahaya
reservoir. The diatoms are dominant during the spring and fall, while blue green algae
are dominant during the summer.
Figure 3.26 Optimal temperature for algal productivity
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Figure 3.27 Total Chl-a concentration and Chl-a from diatoms and blue green
algae
Ratio of Chl-a of diatoms to total Chl-a between observed data and simulation
results are demonstrated in Fig.3.28. Simulation results of diatoms concur with the
observed data. High ratio of diatoms in simulation results appear in the same time in
observed data. It can be confirmed that Chl-a simulation in this water quality model
are satisfied and diatoms are the most dominated stand in the Isahaya reservoir from
2003 to 2005.
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Figure 3.28 Ratio of Chl-a from diatoms to total Chl-a between observed data
and calculation results
COD simulation results are presented in Fig.3.29. Relationship between COD
and algae growth is recognized in Fig. 3.29. That is, COD are gradually increased
during high growth of algal productivity. It means algal productivity contributes to
COD concentration. During spring 2005, Chl-a simulation results have good
agreement with observed data although COD simulation results are still lower than
COD observed data. This can be suggested that there are other living cells
contributing COD. During fall of 2005, COD simulation results are higher than
observed data, this occurs because particulate COD from SS is high in this period.
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Figure 3.29 COD concentration from 2003-2005
From algal growth study, it can be assumed that, dominated stand species after
2001 is diatoms and second one is blue green algae in summer. Algal growth analysis
reveals that there is a strong possibility of algal growth dominated by diatom during
2001-2004. As a result, the simulation on diatom content in the beginning of the
Isahaya-Bay Sea Reclamation Project is required.
3.5.2. Simulation of diatoms content in the beginning of project (1998-2002)
In previous section, it is shown that the first dominated stand species after
2002 is diatoms and second one is blue green algae in summer. To verify long term
change of algal species including the beginning of the Isahaya-Bay Sea Reclamation
Project (1998-2002), the simulation on algal growth before 2002 is required.
First trial simulation using same parameters in Figs.3.27 and 3.28 is carried
out. The simulation results of Chl-a concentration from 1998-2002 are shown in
Fig.3.30. Agreement between the simulated Chl-a and the observed one is rather poor
because of using same parameters of the period of 2003-2005.
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Figure 3.30 Chl-a concentration from 1998-2002
(Using parameters obtained from 2003-2005)
According to the the report of the 16th Committee of Water Quality in the
Isahaya-Bay Land Reclamation in 2007, it can be seen that Skeletonema subsalsum
diatom shown in Table 3.6 is the dominated stand in the reservoir. The ratio content of
Skeletonema subsalsum and Skeletonema costatum diatom to total Chl-a are shown in
Fig.3.31. It can be seen that the content of diatoms is low in some period during 1999
and 2001, which means diatoms growth is inhibited during this period.
Figure 3.31 Observed data of diatoms content between Skeletonema subsalsum
and Skeletonema costatum
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Table 3.6 Observed data of the algal species and cell number in the Isahaya
reservoir
Date
Cell number
(cell /ml) Dominant specie (total cell number)
06/16/1997 71,160 Prasinophyceae (Freshwater and marine) プラシノ藻(種名不 両)
07/22/1997 3,412 Haptophyte (Freshwater and marine) ハプト藻(両)
08/25/1997 27 Skeletonma costatum(Marine diatoms 珪 海)
09/08/1997 27 Ebria tripartita (Golden-brown marine algae)(黄金色藻 海)
10/03/1997 8 Chlmydmonas spp (Freshwater and marine green algae 緑 両)
11/04/1997 980 Eutreptia globulifera (Marine Euglenophyta)(ミドリムシ藻 海)
12/18/1997 35 Eutreptia globulifera(Marine Euglenophyta ミドリムシ藻 海)
01/06/1998 44,601 Eutreptia globulifera(Marine Euglenophyta ミドリムシ藻 海)
02/09/1998 7,113 Heterocapsa rotundata(Marine dinoflagellates 渦 海)
03/02/1998 5,533 Cyclotella spp.(Freshwater and marine diatoms 珪 両)
04/06/1998 84,337 Heterocapsa rotundata(Marine dinoflagellate 渦 海)
05/06/1998 80 Stephanodiscus sp.(Freshwater and marine diatoms 珪 両)
06/01/1998 2 Euglena(Freshwater and marine)
07/06/1998 5 Cryptopomonas sp. (Cryptophyta of Freshwater and marine)
07/21/1998 440 Chlmydmonas spp (Freshwater and marine green algae 緑 両)
08/03/1998 6 Chlmydmonas spp (Freshwater and marine green algae 緑 両)
08/17/1998 3 Oscillatoria sp.(Blue green algae of Freshwater)
09/07/1998 54 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
09/21/1998 3,841 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/05/1998 6 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/19/1998 12 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
11/02/1998 69 Euglenophyta (Freshwater and marine) ミドリムシ藻(両)
12/07/1998 575 Euglenophyta (Freshwater and marine) ミドリムシ藻(両)
01/05/1999 52,101 Cyclotella spp.(Freshwater and marine diatoms 珪 両)
02/01/1999 16,768 Heterocapsa rotundata(Marine dinoflagellates 渦 海)
03/01/1999 20,868 Heterocapsa rotundata(Marine dinoflagellates 渦 海)
04/05/1999 15,910 Heterocapsa rotundata(Marine dinoflagellates 渦 海)
05/17/1999 2 Navicuka spp. (Diatoms of Freshwater and Seawater)
06/07/1999 2 Cyclotella spp.(Freshwater and marine diatoms 珪 両)
07/05/1999 50 Nitzschia spp.(Freshwater and marine diatoms 珪 両)
86
Table 3.6(cont.) Observed data of the algal species and cell number in the
Isahaya reservoir
Date
Cell number
(cell /ml) Dominant specie (total cell number)
08/02/1999 51 Melosira granulata v.angustis(Freshwater diatoms 珪 淡)
09/06/1999 16 Eudorina elegans
10/04/1999 46 Cyclotella spp.(Freshwater and marine diatoms 珪 両)
11/01/1999 92 Cyclotella spp.(Freshwater and marine diatoms 珪 両)
12/06/1999 975 Hormidium sp.(Green algae 緑)
01/06/2000 25,737 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
02/07/2000 1,891 Nitzschia acicularis(Freshwater diatoms 珪 淡)
03/06/2000 83 Nitzschia acicularis(Freshwater diatoms 珪 淡)
04/03/2000 1,890 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
05/01/2000 868 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
06/05/2000 648 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
07/03/2000 154 Chlmydmonas spp (Freshwater and marine green algae 緑 両)
08/07/2000 1,504 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
09/04/2000 652 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/02/2000 1,011 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
11/06/2000 3,543 不明(微細鞭毛藻類 両)
12/04/2000 144 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
01/09/2001 1,044 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
02/05/2001 263 不明(微細鞭毛藻類 両)
03/19/2001 4,588 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
04/02/2001 37,304 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
05/01/2001 57,988 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
06/04/2001 43,067 Nitzschia acicularis(Freshwater diatoms 珪 淡)
07/02/2001 2,713 Nitzschia acicularis(Freshwater diatoms 珪 淡)
08/06/2001 2,551 Nitzschia spp.(Freshwater and marine diatoms 珪 両)
09/03/2001 21,159 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/01/2001 10,167 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
11/05/2001 12,642 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
12/03/2001 4,218 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
01/07/2002 8,618 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
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Table 3.6(cont.) Observed data of the algal species and cell number in the
Isahaya reservoir
Date
Cell number
(cell /ml) Dominant specie (total cell number)
02/04/2002 1,346 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
03/04/2002 6,388 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
04/03/2002 35,880 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
05/02/2002 138,099 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
06/03/2002 492 Cryptomonad (Freshwater and marine Cryptomonad)
07/01/2002 2,842 Skeletonma costatum(Marine diatoms 珪 海)
08/05/2002 50,893 Cylindrotheca closterium(Marine diatoms 珪 海)
09/02/2002 14,895 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/07/2002 9,101 Cylindrotheca closterium(Marine diatoms 珪 海)
11/05/2002 2,483 Merismopedia spp.(Freshwater blue green algae 藍 淡)
12/02/2002 635 Chlmydmonas spp (Freshwater and marine green algae 緑 両)
01/14/2003 238 不明(微細鞭毛藻類 両)
02/10/2003 307 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
03/10/2003 1,254 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
04/07/2003 172,066 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
05/06/2003 97,559 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
06/02/2003 14,361 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
07/14/2003 1,524 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
08/11/2003 2,635 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
09/08/2003 2,966 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/06/2003 18,795 Merismopedia spp.(Freshwater blue green algae 藍 淡)
11/04/2003 16,132 Thalassiosiraceae(Freshwater and marine diatoms 珪 両)
12/01/2003 3,260 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
01/05/2004 7,702 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
02/02/2004 89,138 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
03/08/2004 81,474 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
04/05/2004 141,375 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
05/06/2004 235,375 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
06/14/2004 4,111 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
07/14/2004 85,810 Merismopedia spp.(Freshwater blue green algae 藍 淡)
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Table 3.6(cont.) Observed data of the algal species and cell number in the
Isahaya reservoir
Date
Cell number
(cell /ml) Dominant specie (total cell number)
08/09/2004 35,606 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
09/06/2004 51,185 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
10/04/2004 139,876 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
11/01/2004 26,800 Merismopedia spp.(Freshwater blue green algae 藍 淡)
12/13/2004 83,845 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
01/17/2005 8,464 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
02/08/2005 5,126 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
03/07/2005 23,276 Skeletonma subsalsum(Brackish water diatoms 珪 汽)
04/04/2005 35,763 Skeletonma subsalsum(Brackish water diatoms)
05/02/2005 105,892 Merismopedia spp.(Freshwater blue green algae)
06/13/2005 146,093 Skeletonma subsalsum(Brackish water diatoms)
07/12/2005 10,034 Skeletonma subsalsum(Brackish water diatoms)
08/08/2005 8,032 Merismopedia spp.(Freshwater blue green algae)
09/08/2005 2,864 Merismopedia spp.(Freshwater blue green algae)
10/03/2005 8,335 Nitzschia spp. (Freshwater and seawater diatoms)
(Source: The committee of water quality in the Isahaya-Bay land reclamation)
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Fig.3.32 shows the change of the content of diatom Skeletonema subsalsum
obtained from simulation results of the first trial. The results of Figs. 3.30, 3.31 and
3.32 suggest that Skeletonema subsalsum was growth-limited in the first half
(1998-2002) although Skeletonema subsalsum was dominated gradually in latter half.
In previous section, the simulated diatom after 2002 agrees with the observed data and
its content shows almost same response with the observed Skeletonema subsalsum
because there is no limiting effect on growth of Skeletonema subsalsum. These results
confirm that the limiting factor for the diatoms (Skeletonema subsalsum) is silica.
Figure 3.32 Simulated results of diatoms content between Skeletonema
subsalsum and Skeletonema costatum
In order to get the better agreement of algal growth, the limitation of the
growth of Skeletonema subsalsum by silica is taken into account. The simulated
content of Skeletonema subsalsum is shown in Fig.3.33. Comparing Figs.3.32 with
3.33, it is shown that the behavior of Skeletonema subsalsum and the limiting effect of
silica are realized with the observed content in Fig.3.31. In this simulation,
concentration of silica is estimated based on annual amount of lime input for soil
improvement.
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Figure 3.33 Simulated results of diatoms content between Skeletonema
subsalsum and Skeletonema costatum
(Considering the effect of silica for diatom growth)
Lime input per year was high during the beginning of the Isahaya Project as
shown in Fig.3.34 (region A), and it decreased from 2000 (region B). In Fig.3.24, the
relation between algal cell number and lime input shows that algae cell number is
increased in region B. From this relation, it can be said that amount lime used for soil
improvement is one of limiting factor for diatom growth in the Isahaya reservoir. To
improve the strength and stiffness of reclamation foundations, lime (calcium
hydroxide (Ca(OH)2) was added to the reclamation land. Calcium makes bond silicate
producing stable calcium silicate hydrates. As the result, discharged amount of silica
from reclamation land are decreased in region A. Decreasing of discharged silica may
limit the growth of diatoms. It can be concluded that amount of lime input influences
on algal productivity and their species.
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Figure 3.34 Amount of lime input for soil improvement
(Prime Minister Koizumi Junichiro response in the Diet, 2005)
Due to the fact that Skeletonema subsalsum is a fresh and brackish water
species, usually existing in salinity up to 1,500 mg/l in rivers, lakes, inland seas,
coastal waters, and marshes, and often associated with eutrophic conditions (Hasle
and Evensen 1975; Mills et al., 1993; Clarke 1995; Gibson et al., 2003). Skeletonema
subsalsum has been recorded in temperate regions in spring, summer, and fall. The
diatom Skeletonema costatum is considered as one of widespread members of the
coastal marine phytoplankton (Sarno et al., 2005). As the Isahaya reservoir is brackish,
Skeletonema subsalsum, which is classified as a brackish species, is observed as the
dominated stand in most periods. However, change of salinity shown in Fig.3.35
ranges from fresh level to over 1000mg/l. Main source of salinity is due to seawater
seepage from the Ariake Sea. Another marine species of diatom Skeletonema
costatum from 1998 to 2002 is observed in Fig.3.31 although its content ratio seems
to be minor dominant of diatoms.
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Figure 3.35 Chloride concentration
Therefore, it is concluded that diatoms in the Isahaya reservoir are separated into 2
groups; a brackish water species and a marine species. In order to verify this algal
behavior under brackish conditions, simulation of Chl-a shown in Fig.3.36 is carried
out. Algal species considered in this simulation are Skeletonema subsalsum,
Skeletonema costatum, blue algae and green algae. For the growth control by salinity,
it is assumed that Skeletonema subsalsum grows in salinity range up to 1,000 mg/l
while Skeletonema costatum grows in higher this salinity range.
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Figure 3.36 Chl-a concentration from 1998-2000
(Considering the effect of silica for diatoms growth)
In Fig.3.36, it is shown that concentration of Skeletonema subsalsum in the
beginning of project 1998-2000 is limited by silica due to lime input as mentioned
before. High growth of Skeletonema subsalsum diatom appears after 2000 because
silica is enough for diatoms growth. The agreement between simulated Chl-a and
observed data is shown although simulation model on Chl-a does not have enough
accuracy. However, as mentioned before in Fig.3.33, good agreement of content of
Skeletonema subsalsum is confirmed. It can be concluded that silica is an important
limiting factor for diatoms growth in the Isahaya reservoir, especially in the beginning
of the project. The brackish water diatom, Skeletonema subsalsum, is the dominated
stand in the Isahaya reservoir after 2002. In the further study, other limiting factors for
algal growth should be concerned in order to get more accuracy with observed data.
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3.6 Summary
In this chapter, mechanisms of water quality changes in Isahaya reservoir are
explained by the results from the developed water quality model. Water quality
analysis and problem definition in the Isahaya reservoir are carried out based on
observed and simulation results. A completely mixed continuous flow model is
developed and applied to simulate the water quality in the Isahaya reservoir.
Long term water quality change is analyzed, and major water quality
constituents are salinity, SS, TN, TP, COD and Chl-a. Through calibration results on
salinity using the developed water quality model, it is pointed out that seepage of
seawater from the Ariake Sea control brackish state in the reservoir and its principle is
the Darcy law. It is estimated that daily averaged seepage seawater from the Ariake
Sea is around 30,000 - 50,000 m3 /d.
In order to examine some specified loadings such as discharged loading,
release loading and algal production loading, the sensitivity analysis is carried out.
From sensitivity analysis, it can be concluded that the release from mud bed plays an
important role on SS and nutrients especially dissolved phosphorus in the Isahaya
reservoir although major contribution to TN, TP and COD are the discharged land
loading from watersheds. Moreover, it is pointed out that the coprecipitation with SS
and phosphorus under brackish condition affects settling velocity of fine sediment
(floc).
The behavior of algal growth is focused because there is a water quality
problem in the Isahaya reservoir i.e. eutrophication. The change of algae especially
diatoms shows that the growth pattern can be separated into two stages, i.e. the first
stage 1997-2002 and second one 2003-2005, except the trial opening gate in 2002.
Major control parameter on this growth pattern is silica derived from polder area.
Diatoms dominate the growth of algae in the second stage (2003-2005) while it does
not appear as dominant species in the first stage. It is suggested that the growth of
diatoms is limited by less discharged silica which is combined with polder soil due to
soil improvement material such as lime. In order to analyze the behavior of algal
growth, diatom simulation with taking into account of silica limiting factor is carried
out. It is demonstrated that the simulation result on Skeletonema subsalsum agrees
with observed content although calibration on concentration of Chl-a is a subject in
future study. This chapter can be concluded that silica is limiting factor on diatoms
growth during the beginning of project.
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After the fiscal year 2000, two kinds of algae, diatoms and blue green algae
are found in the Isahaya reservoir. In this reservoir, light intensity and salinity
concentration have small effect on algal growth, but water temperature and nutrients,
especially DIN, play an important role on algal growth. The simulation result shows
that DIN uptake is linked to algal growth but change of DIP is controlled mainly by
resuspension, release and coagulation-flocculation processes. Water temperature and
salinity level also influence on DIP in the Isahaya reservoir.
The interrelation between the algal productivity, the bed load discharge and
coprecipitation will be taken into account to gain more detail of the influence of
discharge loading from Isahaya reservoir on the nutrient content in the Ariake Sea.
The relation between the Isahaya Bay sea reclamation and algal productivity in the
Ariake Sea will be discussed in chapter 4.
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CHAPTER 4
INTEGRATED WATER QUALITY MODEL FOR ISAHAYA-BAY
SEA RECLAMATION AND THE ARIAKE SEA
4.1 Introduction
In this chapter the study on integrated water quality model for the Isahaya
reservoir and the Ariake Sea is carried out. It is not yet clear exactly what has caused
red tide and poor water qualities in the Ariake Sea. There have no clear data to prove
the relation between the reclamation project and algal productivity in the Ariake Sea
although it has been suspected that the reclamation project in Isahaya bay at the inner
part of the Ariake Sea might be a major contributing factor (Mike, 2004). In order to
study water quality in the Isahaya reservoir, water quality in the Ariake Sea should be
concerned in simultaneous. That is to say, water quality changes in the Isahaya
reservoir and the Ariake Sea cannot be independent from each other. In order to make
an efficient tool for water quality management, both of water in the Isahaya reservoir
and the Ariake Sea should be simulated together.
Aims of this chapter are to develop an integrated numerical model for water
quality analysis in the Isahaya reservoir and the Ariake Sea, and to investigate how
the discharged loading from the Isahaya reservoir would affect water qualities of the
Ariake Sea.
4.2 Problem analysis in the Ariake Sea
The Ariake Sea has its own problems such as red tide. The Isahaya reservoir
also has its own problems such as poor water quality and etc. Main topic of this
dissertation is study on water quality changes and algal growth in the Isahaya
reservoir. Top priority to solve this problem is to clear water quality phenomena. The
second priority is to know and understand the present situation of water quality in the
Ariake Sea and Isahaya reservoir. Third is to know and understand how much
discharged loading influences the Ariake Sea.
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Water users have one own interests. Function of the water environment for
one user may differ from others. However, this difference can be changed by
depending on how much the user can compromise with other users. Naturally, most
users try to protect their interests as much as possible. Definition of all water users
and water functions provides an insight in current situation of the water system, which
leads to problem analysis. Utilizing these information, water problems at present as
well as future situation can be pointed out.
4.2.1. General Information
The Ariake Sea, located in the western part of Kyushu Island as shown in
Fig.4.1, is one of the well-know semi-closed shallow sea in Japan. Total area of this
L-shaped sea is 1,700 km2. The length of the Ariake Sea is about 100 km, the average
width is 16 km and the average depth is 20 m. Seawater from the open sea flows
counterclockwise along the coast before leaving the Ariake Sea from the west of
Hayasaki Strait (Gan et al., 2000). The tidal difference in the Ariake Sea is the biggest
one in Japan. The tidal difference in spring tide reaches almost 6 m at the innermost,
and its tidal flats are composed of both sandy areas and muddy areas (Hiramatsu et al.,
2004). Tidal flat of the Ariake Sea is about 40% of total tidal flat in Japan and the
largest tidal flat in Japan as well. The tidal flat is inhabited by several unique benthic
organisms, such as mudskipper fish, crabs, clams, and lugworms. The Ariake Sea is
one of the major inland seas with many fishery resources in Japan.
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Figure 4.1 The Ariake Sea and its location
4.2.2. Major rivers in catchment area of the Ariake Sea
As shown in Fig.4.2, there are eight “A-class” rivers located in the catchment
of the Ariake Sea. Total basin area of these rivers is 6,852 km2, which is more than
80% of the basin area of the Ariake Sea. Total amount of water discharged from all
rivers are around 8.5 km3/y. More than 40% of this discharge comes from the
Chikugo River, which is the largest amount among these eight rivers. Details of each
river basin except the Chikugo Basin are described below.
The Midori River discharges into the central part of the Ariake Sea at
Kumamoto City. This river is one of two large rivers that flow through Kumamoto
Plain. Length of the Midori River is 76 km. Basin area of the Midori Basin covers
1,100 km2 of Kumamoto Prefecture.
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The Shira River is another large river running through Kumamoto Plain.
Length of this river is 74 km. Total area of the Shira Basin is 480 km2. This river
basin is located in the north of the Midori Basin. The origin of this river is in Mt. Aso.
Influenced by volcanic ash, high content of fluoride in the Shira River makes it
unsuitable for consumption.
The Kikuchi Basin is another watershed located in Kumamoto Prefecture.
With the length of 71 km, catchment area of this river basin is 996 km2. The Kikuchi
River discharges into the Ariake Sea at Tamana City.
Discharging into the innermost part of the Ariake Sea, the Yabe River is 61
km long. Basin area of the Yabe Basin is 620 km2. Population of this watershed is
188,000. The Yabe River originates in the boundary of Fukuoka, Oita and Kumamoto
prefectures. Major function of this river is irrigation water supply.
Total length of the Kase River is 57 km. Located in Saga Prefecture, basin
area of the Kase Basin is 368 km2. Almost 70% of this watershed is mountainous area.
Major water use is irrigation, drinking water and hydroelectric generation.
Agricultural area in this watershed is 136 km2. The Kase River supplies water at rate
of 1.2 m3/s for drinking water service.
The Rokkaku Basin is located in the west of Saga Prefecture. Total area of this
river basin is 341 km2. The Rokkaku River meets the Ushitsu River before flowing
into the Ariake Sea. Tidal range reaches 5-6 m at the river mouth. Length of the tidal
reach is approximately 29 km. Because of high consumption of groundwater and soft
soil, land subsidence is a big problem in this watershed.
With basin area of 87 km2, the Honmyo Basin located in Isahaya City,
Nagasaki Prefecture. Total length of the Honmyo River is 21 km. This river is the
shortest class A river in Japan. The Honmyo River discharges into Isahaya Bay in
which the reclamation project is now carried out. Because of low flow rate as well as
the wastewater from food industry and household, water quality at downstream of this
river is deteriorating.
102
Figure 4.2 The Ariake Sea and eight major rivers
4.2.3. Characteristics of water quantity and quality in the Ariake Sea
The tidal range increased along the gulf axis from the mouth to the innermost
part (Araki et al. 2001). Fig.4.3 shows typical tide level of each part of the Ariake Sea.
As shown in Fig.4.4, levels of high tide and low tide in winter to early summer are
almost constant whereas low tide level rises during summer to fall. As a result, tidal
flat is large during winter to early summer and becomes largest in the low tide of a
spring tide in spring season.
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Figure 4.3 Tide level in the Ariake Sea
Source: Araki et al. (2001)
Figure 4.4 Pattern of tide level relative to the Tokyo Peil (T.P.)
at a monitoring tower
Source: Araki et al. (2001)
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Observed data of tide level at Oura Station and Kuchinotsu Station in
1991-2004 (Japan Meteorological Agency, 2004, 2004) is averaged over 24 hours. In
Fig.4.5, daily tide level is low in winter to summer whereas the tide level in summer
to fall is high. Average level of tide at Oura Station is higher than at Kuchinotsu
Station.
Figure 4.5 Daily average tide level in the Ariake Sea
The observation points for water quality are shown in Fig.4.6. Station 10, L1,
3, B’ and 4 represent the inner part, the mouth area of the Chikugo river, transition
area of discharged loading from Isahaya reservoir, the central part and the gulf mouth,
respectively.
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Figure 4.6 Observation point in the Ariake Sea
Long term change of water quality in the Ariake Sea from the innermost part
to the mouth of the gulf is shown in Fig.4.7 to Fig 4.12. Average water temperature
rises in every part of the Ariake Sea. The certain cause of the increase in water
temperature is still unknown although one of possible causes is an impact of global
warming. As shown in Fig. 4.8, comparing with temperature at station 3, water
temperature in the Isahaya reservoir is lower than the Ariake Sea during winter, while
it is higher than the Ariake Sea during summer. However, water temperature from the
Isahaya reservoir has not strong effect to water temperature in the Ariake Sea because
water body volume in the Ariake Sea is bigger than discharged water amount from the
Isahaya reservoir. Although there may be short term is effect in small scale area near
the reservoir.
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Salinity in the innermost part is lower than the salinity observed in the central
part and the area near the open sea. Salinity in the gulf mouth is approximately 35 psu
(practical salinity units) during dry period whereas salinity in the innermost part is
about 30 psu. Salinity near the river mouth decreases during rainy season because of
high discharge of freshwater.
Transparency is low and constant near the river mouth and in the innermost
part because of high suspended solids discharged from land area, resuspension by
tidal movement and algal productivity (Vongthanasunthorn, 2004). However, this low
transparency may control eutrophication in the innermost area of the Ariake Sea.
Transparency is high in the central part and near the open sea. Concentrations of COD
and inorganic nutrients in the head of the gulf are higher than those in the central part
and the gulf mouth. COD in the innermost part slightly increases in these 14 years.
Vongthanasunthorn (2004) pointed out that contribution from mud bed, inflow and etc
to COD behavior through sensitivity analysis using two-dimension finite element
model. The increase in COD is caused by organic matter released from mud bed and
secondary productivity in the Ariake Sea although the relation between inflow loading
and COD is not obvious completely. Inorganic nutrients of the innermost part are low
in winter to early summer, which is caused by an expansion period of the tidal flat.
During the expansion, productivity in the tidal flat leads to the increase in nutrient
uptake. It is clear that the tidal flat contributes to water quality in the innermost part of
the Ariake Sea. Nutrient contents become high during summer to fall when irrigation
is carried out in paddy field and nutrient loads are discharged into the rivers. It is
believed that nutrients for productivity of laver in the Ariake Sea are mainly supplied
from the Chikugo River and mud flat (Vongthanasunthorn, 2004).
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Figure 4.7 Water temperature in the Ariake Sea
Source: Fukuoka Fisheries & Marine Technology Research Center (2007)
Kumamoto Prefectural Fisheries Research Center (2007)
Saga Prefectural Ariake Fisheries Research and Development Center (2007)
Figure 4.8 Water temperature in the Isahaya reservoir
Source: Kyushu Regional Development Bureau (2007)
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Figure 4.9 Salinity concentration in the Ariake Sea
Source: Fukuoka Fisheries & Marine Technology Research Center (2007)
Kumamoto Prefectural Fisheries Research Center (2007)
Saga Prefectural Ariake Fisheries Research and Development Center (2007)
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Figure 4.10 Transparency in the Ariake Sea
Source: Fukuoka Fisheries & Marine Technology Research Center (2007)
Kumamoto Prefectural Fisheries Research Center (2007)
Saga Prefectural Ariake Fisheries Research and Development Center (2007)
Transparency (m) Station 10 (Saga)
0
5
10
15
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Transparency (m) Station L1 (Fukuoka)
0
5
10
15
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Transparency (m) Station 3 (Saga)
0
5
10
15
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Transparency (m) Station B' (Kumamoto)
0
5
10
15
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Transparency (m) Station 4 (Kumamoto)
0
5
10
15
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
110
Figure 4.11 COD concentration in the Ariake Sea
Source: Fukuoka Fisheries & Marine Technology Research Center (2007)
Kumamoto Prefectural Fisheries Research Center (2007)
Saga Prefectural Ariake Fisheries Research and Development Center (2007)
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Figure 4.12 DIN concentration in the Ariake Sea
Source: Fukuoka Fisheries & Marine Technology Research Center (2007)
Kumamoto Prefectural Fisheries Research Center (2007)
Saga Prefectural Ariake Fisheries Research and Development Center (2007)
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Figure 4.13 PO4-P concentration in the Ariake Sea
Source: Fukuoka Fisheries & Marine Technology Research Center (2007)
Kumamoto Prefectural Fisheries Research Center (2007)
Saga Prefectural Ariake Fisheries Research and Development Center (2007)
It is believed that mud flat supports the high laver productivity in the Ariake
Sea. Koh (2003) investigated microphytobenthos in terms of chlorophyll-a (Chl-a) in
the mud flat of the Ariake Sea and its contribution to the coastal ecosystem. The
investigation indicates that the resuspension from the mud flat contributed to Chl-a in
the overlying water whereas the Chl-a in the central part of the Ariake Sea was
predominated by biological process.
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Tsutsumi et al. (2003) reported that the DO level in the innermost part of the
Ariake Sea has become hypoxic during summer and red tide has occurred due to the
construction of the Isahaya dyke.
Since the effect on discharged loading from the Isahaya reservoir to the Ariake
Sea is still not clearly seen. The Integrated model, which is combined model and other
function in integrated view point, is necessary. Because all water quality and all
parameters cannot be evaluated and examined. Policy analysis is one of approach to
solve public concern, political issues and final decision making by final decision
maker. In this case, all of analytical outputs are not always necessary to prepare. It is
just enough to return alternative options to final decision maker.
This study suggests that information of discharged loadings from the Isahaya
reservoir should be taken into account when analyzing water quality of the Ariake Sea.
In this chapter, water quality model developed in the Ariake Sea is integrated with the
model of the Isahaya reservoir.
4.2.4. Present situation
Climate and environmental changes affect the growth characteristics of fish
(Jobling, 2002). Many researchers have reported recent environmental changes in
Ariake Bay. From 1980s, the gradual reduction of tidal amplitude and mean sea level
rising were pointed out (Takigawa and Tabuchi, 2002, and Unoki, 2002), which was
attributed to the topographic changes due to the Isahaya reclamation projects and the
effects of decrease of tidal amplitude in the outer sea. Takigawa et al. (2002)
mentioned that the decrease of tidal amplitude may reduce the bottom sediments
resuspension. Moreover, hypoxic water, low concentration of dissolved oxygen, is
formed in the bottom layer in the inner part from summer to fall, and the
concentration of dissolved oxygen falls drastically especially during neap tides
(Tanaka et al., 2004). The hypoxic water was located at the center of the Ariake Bay,
and moved in a wide area of inner bay by wind-induced flow (Koibuchi, 2004).
Tanaka et al. (2004) noted that from 1980s, transparency in Ariake Bay was
increased which seemed to be caused by the reduction of bottom sediments.
Kawaguchi et al., (2002) also reported that water transparency and phytoplankton
density increased after the Isahaya dyke construction. Recently mudskipper in the
Ariake Bay had slowest growth, smallest maximum size, and oldest maximum age
comparing with the past (Nanamia et al., 2005).
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During winter 2000, there was a problem in the seaweed productivity,
dropped to 90,000 ton per year due to the occurrence of red tides (Kawamura, 2002).
The other marine productivity, such as fish, shellfish and others was also decreased in
the period of the 1960s and from the 1980s to recent years. Furthermore,
phytoplankton blooms (Rhizosolenia imbricata) in the northern part of Ariake Bay
have caused poor seaweed production harvests since 2000 (Fisheries Agency of Japan,
2001). Many kinds of development, for example, construction of harbors, polder and
bay closure, have been carried out in the Ariake Sea. The impacts of such
development on the water environment and seaweed productivity in the Ariake Sea
have been brought to social concern. Many committees and groups of researchers
are organized in order to study and solve this problem.
4.3 Water quality modeling in the Ariake Sea
Water quality models allow us to analyze and predict water quality changes
within water systems. As coastal area in the Ariake Sea is complex water environment
system, there is a strong need in water quality management to set reliable numerical
models, which are capable of predicting water quality and occurring of red tide and
etc. The development of water quality models consists of mass balances and kinetic
expressions to describe the response of the physical chemical and biological impacts.
The simple water quality models can be useful for water quality simulation in
a way everyone can handle with the basic knowledge. In this study, two-dimensional
water quality model in the Ariake Sea is modified based on the finite volume model
(Rich, 1973). Finite volume method was originally developed as a special finite
difference formulation. Normally, water movement equation is firstly required for
water quality model because mass transportation should be given through water
movement equation. The advantage of the finite volume model is that it does not
always require the water movement equation because mass transportation such
advection flux and dispersion flux are evaluated directly by conservative mass
transportation. Therefore, instead of getting water movement information, coefficients
of advection and dispersion using conservative materials such as salinity should be
calibrated first (Vongthanasunthorn, 2004).
In this model, the Ariake Sea is divided into 11 elements as shown in Fig.
4.14. Each divided element is considered to be in complete mixing state. The finite
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volume model is effective method for describing characteristics of water quality. This
two-dimensional model is composed of discrete fluid volumes, called “element”.
In this model, it is assumed that there is no effect of density current in each
element. Therefore, even if a vertical distribution exists, water quality in each element
should be treated as an averaged value over the element volume. Besides being
averaged over the element volume, water quality can be given as the time average one.
The specific time constant for averaging is one day, which is approximately two tidal
cycles. According to salinity level, the Ariake Sea is divided into three parts, namely,
innermost part, central part and gulf mouth as shown in Fig. 4.14.
Figure 4.14 Divided elements and divided parts of the Ariake Sea
Water quality constituents in this model are chemical oxygen demand (COD),
suspended solids (SS), dissolved inorganic nitrogen (DIN), orthophosphate
phosphorus (PO4), chloride (Cl) and chlorophyll-a (Chl-a). In this study, there are 4
kinds of algae concerned, namely, diatom, green algae, blue green algae, and
Chattonella antiqua. With given boundary conditions, a net flow rate between two
adjacent elements can be obtained from the continuity equation in Eq.(4.1). Basic
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equation in each element of the finite volume model (Rich, 1973) is described in
Eq.(4.2). Rich (1973) described the advection factor as a constant representing the
average concentration within adjacent elements. Therefore, the advection factor and
mixing coefficient between two adjacent elements in this model are constant. Inflow
from land area and open sea is given as the boundary condition of Eq.(4.2). Loading
from mud bed and inflow loadings from land area and open sea are considered as
boundary conditions in the mass balance equation. The reaction term (S) of each water
quality is described as follow.
  )(nBnm
n QQ
dt
dV
(4.1)
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Where V = water volume of element (m3);
Qnm = net flow rate between element n and m (m3/s);
QB = boundary condition of flow rate of the element (m3/s);
c = average concentration in the element (g/m3);
δnm = net advection factor between element n and m (-);
E’nm = mixing coefficient between element n and m (m3/s) and
S = reaction term (g/s).
Since algae consume nutrients in inorganic forms, nutrient parameters in this
model are dissolved inorganic nitrogen (DIN) and orthophosphate phosphorus
(PO4-P). The reaction terms of DIN and PO4-P of element n are described as SN and
SP in Eqs.(4.3) and (4.4). The substantial biomass change of algae (AG) is expressed
in Eq.(4.5). As the boundary condition, nutrient supply from mud bed is a function of
mud bed area in an element. Nutrient content in mud bed is assumed to be constant.
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When YN = Yield factor DIN: Chl-a (mg DIN/μg Chl-a);
YP = Yield factor PO4-P: Chl-a (mg DIP/μg Chl-a);
KRN = release rate of DIN (m/d);
KRP = release rate of DIP (m/d);
DINB = DIN in mud bed (g/m3);
PO4B = PO4-P in mud bed (g/m3);
RM = ratio of mud bed area in the element (-);
A = element area (m2);
μmax = maximum specific growth rate (1/d);
DIN = dissolved inorganic nitrogen (g/m3) ;
PO4 = orthophosphate phosphorus (g/m3);
KN = saturation constant of DIN (g/m3);
KP = saturation constant of DIP (g/m3);
CH = chlorophyll-a concentration (mg/m3);
Cl = chloride concentration (g/m3);
ClS= saturation constant of chloride concentration (g/m3);
Cl = coefficient regarding chloride for growth (-);
KD = specific decay rate (1/d);
  θ = temperature coefficient for decay (-);
TD = critical temperature for decay (oC);
T = water temperature (oC) and
x = species of algae, diatom, green algae, blue green algae and
Chattonella antiqua.
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Four kinds of algae, namely, diatoms, green algae, blue green algae and
Chattonella antiqua are considered in the water quality model. Concentrations of
algae are estimated in terms of chlorophyll-a (Chl-a). The optimum growth period of
each type of algae is expressed in term of the temperature coefficient (TG) which is the
function of optimum, maximum and minimum water temperature for each algal
growth. The temperature coefficient in water quality model is described in Eq.(4.7) to
(4.10) and Fig.4.15. The temperature coefficient for Chattonella antiqua growth will
be discussed in section 4.5.4.
For LTT  0)( xGT (4.7)
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Figure 4.15 The temperature coefficient of diatom, green algae and blue green
algae
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The suspended solids (SS) from land area come from erosion of riverbanks
and loading generated in the basin area. Influences of tidal movement and wind on
resuspension in shallow area are considered in this model. The transported term of
suspended solids (SS) in element n is expressed in Eq.(4.11).
ASSBKSSS SSSRSS  (4.11)
D
ARKKRSS MRWRTTRS

 )( (4.12)
Where SS = suspended solids (g/m3);
SSRS = resuspension rate (g/d);
KSS = settling velocity of SS (m/d);
BS = settling coefficient (-);
A = element area (m2);
RT = resuspension coefficient due to tidal movement (-);
KRT = resuspension rate due to tidal movement (g/m-d);
KRW = resuspension rate due to wind (g/m-d);
RM = ration of mud bed area in the element (-) and
D = water depth of the element (m).
The influence of wind on resuspension from mud bed is described in Eq.
(4.13). Maximum wind speed and its direction are employed as factors of wind.
During strong wind when the maximum wind speed exceeds the critical wind speed,
wind shear force at surface of seawater raises the flow velocity of sea water. This
momentum transport phenomenon leads to high shear force on the surface of mud bed.
The critical wind speed is set to be constant in every part of the Ariake Sea. At a
certain maximum wind speed, resuspension becomes largest when the wind has same
direction with the critical wind direction depending on direction of the shore. Wind
direction factor (φW) ranges between 0 and 1. Factor of wind direction is shown in
Fig.4.16.
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Where vW = maximum wind speed (m/d);
v*W = critical wind speed (m/d);
φW = wind direction factor (-);
  ω* = critical wind direction for resuspension (m/d) and 
  ω = direction of maximum wind speed (radian). 
Figure 4.16 Influence of direction of maximum wind speed on resuspension
During strong rainfall, large amount of sandy materials are discharged from
land area. These coarse materials settle more rapidly than fine materials such as
colloidal particles. In order to simulate this phenomenon, two different values of
settling coefficient (Bs) are given for high and low flow period as coarse and fine
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particles. The larger one is given during high flow period when salinity is less than
30,000 g/m3 to represent higher settling velocity of coarse particle.
Suspended organic solids like algae (SSALGAE) are also considered in this
model as shown in Eq.(4.14).
   x
x
xSALGAE CHYSS 

4
1
(4.14)
Where Y S= SS: Chl-a (mg SS/ μg Chl-a)
COD concentration in this water quality model is considered as particulate
COD (PCOD) and dissolved COD (DCOD). The reaction term of particulate COD
(SCP) and dissolved COD (SCD) are described in Eqs. (4.15) and (4.17), respectively.
The settling transport of algal form of PCOD (SCODALGAE) is explained in Eq. (4.16).
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Where YSC = PCOD content of particulate materials in mud bed
(mg COD/mg SS);
KSC = settling velocity of PCOD (m/d);
PCOD = particulate COD (g/m3);
YC = PCOD: Chl-a (mg COD/μg Chl-a);
KRC = release rate of DCOD (m/d) and
DCODB = DCOD in mud bed (g/m3).
After developing water quality model in the Isahaya reservoir and the Ariake
Sea separately, the effect of water quality from Isahaya reservoir to the Ariake Sea is
examined using the integrated water quality model.
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4.4 Water quality simulation in each part of the Ariake Sea
The two-dimensional water quality model is applied to simulate basic water
quality in the Ariake Sea in this section. As mentioned before, an important first
procedure to develop this model is to calibrate two coefficients on advection and
dispersion. Therefore, simulation on salinity is the first step to simulate all water
quality parameters. After this calibration on the salinity, other fundamental
phenomena on basic water quality such as SS, nutrients and etc. are analyzed.
Salinity
The simulation of salinity in Fig.4.17 has good agreement with the observed
data which means the advection coefficients and dispersion coefficients are
reasonable. The advection factor ranges between 0.5-1.0 depending on nature of the
considered environmental system (Rich, 1973). Table 4.1 shows the advective factor
and mixing factor obtained by the developed model (Vongthanasunthorn, 2004).
Figure 4.17 Salinity concentration in gulf mouth, central part and innermost
part of the Ariake Sea
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Approximated salinity concentration of element 1, gulf mouth, which
connected to the open sea, is 33,000 mg/l. In central part and innermost part, lower
salinity concentrations occurred during high rainfall periods due to the dilution by
rainfall and fresh water discharged from river and land area. Moreover, fluctuated
salinity concentration can often be seen in the innermost part which indicating that the
influence of the discharge flow from Chikugo River is greater than other rivers.
Table 4.1 Advective factor and mixing coefficient used in the finite-model
n m nm (-) Enm (m3/s) n m nm (-) Enm (m3/s)
1 2 0.8 15,000 2 1 0.2 15,000
2 3 0.8 2,500 3 2 0.2 2,500
2 4 0.8 15,000 4 2 0.2 15,000
4 5 0.5 3,000 5 4 0.5 3,000
4 7 0.5 5,000 7 4 0.5 5,000
5 6 0.5 750 6 5 0.5 750
5 8 0.5 2,000 8 5 0.5 2,000
7 8 0.5 3,000 8 7 0.5 3,000
7 9 0.5 500 9 7 0.5 500
8 9 0.5 500 9 8 0.5 500
8 10 0.5 1,000 10 8 0.5 1,000
8 11 0.5 1,500 11 8 0.5 1,500
9 10 0.5 200 10 9 0.5 200
10 11 0.5 200 11 10 0.5 200
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Suspended solids
In Fig.4.18, simulation results of suspended solids in the gulf mouth zone, the
central part and the innermost part are demonstrated together with observed data.
Since there is very few observed data of SS in the Ariake Sea, observed SS used in
this study is estimated from the relationship between transparency and SS (Kumamoto
Prefectural Fisheries Research Center, 2007). SS in algal form is also demonstrated in
Fig.4.18. As shown in Fig.4.18, low SS concentration in algal form means algal
productivity has small effect in contribution to suspended solids. High SS
concentration occurs due to high discharged loading during high rainfall periods.
However, effect of high discharge loading on suspended solids appears for a short
period during heavy rainfall. Vongthanasunthorn (2004) reported that resuspension
from mud bed plays an important role on SS and PO4 in the innermost part. As
resuspension rate of suspended solids depends on the excess bed shear stress,
resuspension process can be generated by tidal currents and wind in this model.
Simulation results of SS in the innermost part are fluctuated and higher than gulf
mouth zone and central part. It means SS loading from land area which contributed
from the Chikugo River watershed is higher than discharged loading from the Isahaya
reservoir and other watersheds. Furthermore, it agrees with the fact that 44% of total
discharge into the Ariake Sea comes from the Chikugo River.
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Figure 4.18 Suspended solids concentration in gulf mouth, central part
and innermost part of the Ariake Sea
Nutrients
DIN and PO4-P concentrations of gulf mouth, central part and innermost part
are shown in Figs.4.19 and 4.20. Both of DIN and PO4-P are lower in gulf mouth zone
because nutrients in this area are diluted by seawater from the open sea. Simulation
results of DIN in the innermost part are higher than central part because of high
discharged loading from the Chikugo River watershed and other watershed. Low
concentration of simulated DIN and observed data in the central part mean the
discharged loading from the surround watersheds has small effect to DIN in the
Ariake Sea. For PO4-P, simulation results in central part and innermost part are high
in rainy period because of discharge loading from watershed. PO4-P which adsorbed
in discharged particles are release into water column. However, during summer and
period of low discharge loading from land area, PO4-P is still high. It occurs from the
release process from the mud bed. It can be said that, orthophosphate for algal
production is rich. As the result, it is found that inorganic nitrogen is the
growth-limiting factor for algae in the Ariake Sea. During summer season, nutrients
are released from mud bed at high rate. PO4-P in mud sediment may have an
important influence on the eutrophic character of coastal waters in the innermost part
of the Ariake Sea.
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Figure 4.19 Dissolved inorganic nitrogen concentration in gulf mouth, central
part and innermost part of the Ariake Sea
Figure 4.20 Orthophosphate phosphorus concentration in gulf mouth, central
part and innermost part of the Ariake Sea
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Chemical oxygen demand (COD)
Simulation results of COD as total organic and COD as algal form are shown
in Fig.4.21. COD concentrations in gulf mouth zone and central part are lower than
the innermost part due to the influence of discharge loading from land area and river
mouth. During rainy season, simulation results between COD and Chl-a have similar
pattern and high COD concentration occurs during high algal productivity. It means
algal productivity contributes to COD concentration. From simulation results, it is
verified that mud bed plays an important role for the release process of COD
especially during summer. However, COD has no good seasonal pattern in every year.
In the future study, to provide better agreement of COD simulation results with
observed data, Chl-a simulation results should be concerned more in detail.
Figure 4.21 COD concentration in gulf mouth, central part and innermost part
of the Ariake Sea
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Chlorophyll-a
As mentioned before in chapter 2, Chattonella antiqua is typical red tide and
frequently cause fisheries damage in the Ariake Sea. Total Chl-a and Chl-a from
Chattonella antiqua concentration for gulf mouth, central part and innermost part are
shown in Fig.4.22. From chl-a simulation results, higher concentration occurs in the
innermost part of the Ariake Sea (element 9) due to high nutrients discharge from the
Chikugo River watershed and release from the mud flat. Results of Chl-a simulation
reveal that high concentration of Chattonella antiqua occurs at the same time when
high SS concentration occurs which shown in Fig.4.18. That is, occurrences of
Chattonella antiqua can be related with high SS concentration after high resuspended
period. Furthermore, the simulation results happened almost in the same time with
observed data where occurrence periods of Chattonella antiqua bloom are shown in
the shade columns in Fig.4.22. From this agreement, it can be verified that this water
quality model can simulate the Chattonella antiqua bloom in the Ariake Sea. It is
clearly shown that Chattonella antiqua is resuspended from the bottom. As the
innermost part of the Ariake Sea is the shallow sea where sunlight can reach the sea
bottom easily, the contribution of light intensity to growth rate of algal productivity is
considered in next section.
Figure 4.22 Chl-a concentration in gulf mouth, central part and innermost part
of the Ariake Sea
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From the above results, it can be said that blooming of Chattonella antiqua
in the Ariake Sea has a strong relation to the bottom resuspension process. In other
words, it is concluded that water quality in the Isahaya reservoir have small effect to
red tide event in the Ariake Sea. It is concluded that discharged loading from the
Isahaya reservoir does not particularly affect the water quality in the Ariake Sea.
In order to apply the water quality model in the Ariake Sea, the mechanism of
red tide life cycle in the Ariake Sea and other limited factor for red tide growth should
be concerned.
4.5 Red tide
Koibuchi (2004) stated that, the expression “red tide” became common in
Japan during the later half of 1960s, irrespective of whether or not there was damage
to fisheries and aquacultures. The description “red tide” was visual and not
scientific, and the phenomenon referred to by Okamura (1916) was known as “water
bloom” in Europe, the U.S. and other countries, but in Japan the meaning of the term
translated into Japanese was not so clear, so “red tide” seems to be more popular in
spite of some scientific report published in Japan with the title of “Akashio ni tsuite”
(in English, “On red tide”) was by Nishikawa (1990) and in some old overseas reports,
“red tides” were also used to express seawater color changes.
Laver productivity in the Ariake Sea was very low during cultivation period
from fall of 2000 to spring of 2001 (Ministry of the Environment, Government of
Japan, 2006). Laver lost its black color and turned pale yellow because of red tide,
which occurred during that period. This problem affected large number of laver
cultivation production and brought environmental situation of the Ariake Sea to
public concern. Many researches have been carried out in order to investigate the
environmental situation in the Ariake Sea and the causes of the red tide. Although this
dissertation does not aim at solving the problem of laver productivity, the analytical
tools developed in this study and the information obtained from water quality analysis
can give some explanation about the situation of the Ariake Sea especially red tide
situation which lead to solutions of the problem.
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4.5.1. Red tide bloom of Chattonella antiqua in Japan
Along the coast of the Island of Kyushu, red tides recently occurred in the
Ariake Sea, Kumamoto Prefecture, Imari Bay, Nagasaki Prefecture and Inokushi Bay,
Oita Prefecture (Kim et al., 2004).
In 1970, a large-scale Chattonella red tide appeared in the western area of the
Seto Inland Sea, along the coast of Hiroshima Prefecture, and the red tide prompted
the Fisheries Agency to take measures against the outbreak of red tide. Particularly,
Chattonella red tide occurred in August 1972 in “The Sea of Harima”, at the eastern
part of the Seto Inland Sea, which killed 14 million cultured yellowtails. Fishermen
lost about 7.1 billion yen. The fishermen claimed that the red tides were caused by
industrial and domestic sewage and by dumping of human excreta in the Sea. The red
tide became one of the triggers in enacting the Law of Seto Inland Sea. Together with
the regulations of the Seto Inland Sea Law, the Association of Fisheries Resource
Preservation of Japan issued its criteria on the Environment of Fisheries Grounds
(1972), which indicated that in bays and inland sea affected by warm water currents.
To protect in the long-term against the appearance of red tide, COD is less than 1 ppm,
0.1 mg/l to total nitrogen, and 0.015 mg/l to total phosphorus were issued (Okaichi,
2004).
During summer of 1977, Chattonella red tide occurred in the Kagoshima Bay.
From early June, the color of seawater was changing in Kagoshima Harbor and the
west of Sakurajima. The cell numbers of Chattonella marina were counted to be
2,300-5,000 cells/ml on June 9, 1997. The researchers of Kagoshima University
pointed out that blooming of Chattonella caused by the strong mixing of surface and
bottom water brought nutrients to the surface, high rainfall, decreased in salinity and a
rapid rise of water temperature. The temperature of the growth of Chattonella marina
lies between 23-26oC and red tides in Kagoshima bay occurred mainly in the middle
of June (Okaichi, 2004).
In 1987, Chattonella red tide appeared in Shido Bay, Kagawa Prefecture from
August to early September, and 18,000 out of a total of 680,000 cultures fish were lost.
Countermeasures using some chemicals to clear the red tide in Shido Bay were
applied. In two hours after application of the reagent, sodium peroxocarbonate (Na2
(C2O6)), almost 90% of Chattonella antiqua disappeared (Okaichi, 2004).
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Chattonella spp. appeared off Tsushima Island, Nagasaki prefecture, but did
not increase to change water color. Various red tide species gradually appeared along
the Coast of Kyushu Island and causative organisms became quite diverse.
The patterns of appearance of red tide in each bay became confusing when
distribution of species overlapped. The red tide outbreaks are causing many problems.
4.5.2. Red tide in the Ariake Sea
In 1980’s, red tide began to occur in Ariake Bay. In recent years, it is said that
frequency of occurrence and scale of the red tide is increasing in the mouth as well as
the head of the Bay. In 2000, a poor harvest of seaweed occurred due to red tides
which intake most of the nutrients (Koibuchi, 2004).
During summer 2001, diatom blooming (Skeletonema Costatum, Thalassiosira,
Chattonella and Rhizosolenia) were supported by calm weather and high solar
radiation in July (Koibuchi, 2004). During winter, since the increase in phytoplankton
did not occur after November 2001, the laver in 2001 became a good harvest.
Koibuchi (2004) reported that the construction of the Isahaya dyke was not the
primary cause of the increase occurrence of red tide, but the excessive nutrient
concentration was considered to be the primary factor.
A red tide of Rhizosolenia imbricata event occurred during winter of 2000 to
2001, and caused damage to the seaweed culture (Kawaguchi, 2002). Observation
red tide in Ariake Sea during winter of 2000 to 2001 is shown in Table 4.2.
Tsutsumi et al. (2003) proposed a red tide scale index, which was calculated
from the maximum area multiplied by duration of red tide event based on visual
observations at local fisheries experimental stations. They suggested that the rain was
one of the main causes of the red tide and showed the relation between the index and
the precipitation of the previous month of the fall red tide.
Tanaka et al., 2004 also observed the large variation of the local Chl-a
concentration in the Ariake Bay. One of the variations was caused by the relation to
spring and neap tides. This indicates that it is important to take the tidal variability
into account to understand behavior of the chlorophyll-a.
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Table 4.2 Observation red tide in Ariake Sea during winter of 2000 to 2001
Prefecture Duration Species
Maximum cell
number (cell ml–1)
Maximum
area (km2)
Fukuoka Dec. 6–Mar. 25 Rhizosolenia imbricata 3,000 171
Rhizosolenia setigera 210
Chaetoceros spp. 620
Biddulphia sinensis 50
Chaetoceros sociale 1,000
Eucampia zodiacus 1,850
Skeletonema costatum 3,670
Kumamoto Dec. 6–Apr. 10 Skeletonema costatum 8,125 400
Chaetoceros sociale 11,785
Chaetoceros debile 2,344
Rhizosolenia spp. 356
Saga Dec. 8–Apr. 8 Skeletonema costatum 20,360 ca. 200
Chaetoceros sociale 3,370
Chaetoceros curv isetum 1,000
Asterionella kariana 2,125
Rhizosolenia imbricata 665
Thalassiosira spp. 5,700
Chaetoceros spp. 4,430
Eucampia zodiacus 1,795
Source: Kyushu Fisheries Coordination Office, 2002.
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When red tide occurs during the seaweed harvest season, red tide consumes
nutrients. As a result seaweed discoloration of “Nori” in the Ariake Sea is occurred
(Zhang et al., 2004). Seaweed culture has been very popular in the Ariake Sea, and
the production reached 160,000 ton/year, which was about 40% of total Japanese
production (Yanagi, 2006). The production of cultured seaweed dropped to 90,000
ton/year in 2000 due to the occurrence of red tides (Kawamura, 2002). Finally, the
serious damage to the fishery was occurred.
Some scientists claim that the red tide blooming and poor production of
seaweed during winter of 2000 were due to the decrease in water exchange ratio
which had result from the recent decrease in tidal amplitude in Ariake Bay. Yanagi et
al. (2006) estimated the water exchange ratio between Ariake bay and open sea. The
water exchange ratio was small in the early 1990s with large tidal amplitudes but was
large in the late 1990s with small tidal amplitudes. However, from their study of water
exchange ratio and tidal amplitude, the reason of the occurrence of red tide and poor
seaweed production in 2000 is not cleared yet.
Ishizaka et al. (2006) used high resolution SeaWiFS (Sea-viewing Wide
Field-of-view Sensor) data to detect occurring of red tide in the Ariake Sea. SeaWiFS
images of the red tide event showed that it started in Isahaya Bay on December 3,
2000, and covered a large area of the Ariake Sea by December 7, 2000. This indicates
that a large area of Ariake Sea was in a suitable condition for the red tide at this time.
The monthly average of SeaWiFS data from May 1998 to December 2001 indicated
that the Chl-a peaks appeared twice a year, in early summer and in fall, especially
after high rainfall. The SeaWiFS data showed that the red tide event during
2000-2001winter was part of the fall bloom. However, it started later and continued
significantly longer than other years. From ship observation during February 19-21,
2001, the high Chl-a concentration was seen at the subsurface of the Ariake Sea in the
two days. The distribution indicates the possible transport of red tide phytoplankton
with sinking and/or tidal movement as the bloom started to cease. Red tide in
2000-2001 is Rhizosolenia. Rhizosolenia red tide is rare case in the Ariake Sea
because this species transported from outside. On the other hand, SeaWiFS collected
other red tide. That is why response is different.
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Figure 4.23 Chattonella antiqua in Kyushu from 1991-1998
Source: Red tide data base of Japan Fisheries Resource Conservation Association
In Fig.4.23, the observed data by Japan Fisheries Resource Conservation
Association shows that high cell number of Chattonella antiqua occurred from 1994,
1996 and 1998 in the Ariake Sea (Saga area). The distributions of Chattonella antiqua
concentration from 1991 to 1998 are shown in Fig.4.24. High Chattonella antiqua
production has appeared since 1994.
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Figure 4.24 Distribution of Chattonella antiqua in the Ariake Sea from 1991-1998
Source: Red tide data base of Japan Fisheries Resource Conservation Association
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Figure 4.25 Number of Chattonella and Heterosigma red tide events in the Ariake
Sea in 1987-2005
(Source: Fisheries Agency of Japan 1987-2005)
Figure 4.26 Number of Chattonella and Heterosigma red tide events causing
damages in the Ariake Sea in 1987-2005
(Source: Fisheries Agency of Japan 1987-2005)
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From observation data shown in Fig.4.25 and Fig.4.26, Chattonella antiqua
red tide have been found in every year; furthermore, the occurrence of Chattonella
blooming were repeated annually and seem to be the most appearing species. That is,
Chattonella red tide can be inferred as the typical species in the Ariake Sea. As a
result, in this chapter, Chattonella is objective red tide in this dissertation. The
research purposes on Chattonella are to clarify the mechanism of occurrence of
Chattonella bloom and establish a numerical model to predict the red tide occurrence
in the Ariake Sea. More detail of Chattonella antiqua and its behavior will be
discussed.
4.5.3. Life cycle of Chattonella antiqua
In Hiroshima Bay, Chattonella appeared in 1969. This Chattonella is
classified in Class Raphidophyceae (Division Heterokontophyta) (Hoek, 1995).
Chattonella is form of red tide in coastal eutrophicated waters associated with mass
mortality of fish and some species product cysts (Fukuyo, 2004). It is well known that
Chattonella has a cyst stage for overwintering, and the cysts play a major role in the
life history of the Chattonella (Fukuyo, 1982). Chattonella settles to bottom
sediments and forms the cyst to overwinter. When resuspension process by tide and
wind occurs, Chattonella cysts in the bottom sediments are resuspended to water
column. Similar to other phytoplankton, the appropriate conditions for growth are
sunlight, nutrients, water temperature and other limiting factors. When these
environmental conditions reach the optimum for germination, Chattonella blooming
begins. Chattonella actively intakes the nutrients and usually floats at surface water in
day time. At night, Chattonella sinks down from the water surface to the lower layer
and absorbs the nutrients needed (Nakamura et al., 1983). Life cycle of Chattonella
antiqua is shown in Fig.4.26.
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Figure 4.27 Life cycle of Chattonella
Coastal Environment Assessment Regional Activity Centre (2003) reported
that the mechanism of Chattonella bloom occurrence in Seto Sea, Japan due to the
influence of increased bottom water temperature on nutrients release. The supply of
nutrients due to rainfall can also induced the possibility of Chattonella bloom.
Another condition for the maximum algal growth is that the calm weather condition
and sufficient sunshine should continue for several days.
The growth features of Chattonella antiqua, Chattonella marina and
Chattonella verruculosa have already been investigated (Yamaguchi and Honjo,
1989; Yamaguchi et al., 1991, 1997). From these investigation results, the optimum
values of temperatures and salinities for Chattonella antiqua were at 25 oC and 2.5 %,
respectively (Yamaguchi et al., 1991), and for Chattonella marina were at 25 oC and a
salinity of 2.0 % (Yamaguchi et al., 1991), for Chattonella verruculosa were at 15 oC
and a salinity of 2.5 % (Yamaguchi et al., 1997). The irradiance at the light
compensation point (I0) and the saturated irradiance (Is) for Chattonella antiqua was
10.31 and 110 μmol m-2s-1, 10.5 and 110 μmol m-2s-1 for Chattonella marina
(Yamaguchi et al., 1991).
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4.5.4. Predicting of Chattonella antiqua bloom event in the Ariake Sea using
water quality model
As mentioned before, Chattonella antiqua actively intakes the nutrients and
usually floats at surface water in day time. At night, Chattonella antiqua sinks down
from the water surface to the lower layer (Fukuyo, 2004). However, time step of this
model is one day; all of parameters including Chattonella antiqua concentration are
the average within one day.
As blooming of Chattonella antiqua is a rapid increase in the number of algal
cells and there are only a few researches on growth period of Chattonella antiqua in
the Ariake Sea. In order to control high growth rate of Chattonella antiqua in this
model, the optimum growth period of Chattonella antiqua is assigned in narrow range
of water temperature. The temperature coefficient for Chattonella growth is set to a
constant value as describe in Eqs.(4.18) to (4.20) and Fig. 4.28.
For LTT  0)( xGT (4.18)
For HL TTT  1)( xGT (4.19)
For HTT  0)( xGT (4.20)
Where T L = minimum temperature for algae growth (oC);
TP = optimum temperature (oC) and
TH = maximum temperature for algae growth (oC).
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Figure 4.28 The temperature coefficient of Chattonella antiqua
The substantial biomass change of algae (AG) in Eq.(4.5) which mentioned
before is described more in detail for Chattonella antiqua biomass change as shown
in Eq.(4.21).
  )()()()( xxxxx AGconAGsedAGdcyAGgrwAG  (4.21)
Where as
Algae growth (μg Chl-a):
     
     
  VCHIK
I
POK
PO
DINK
DINSTμAGgrw x
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GGMAX(x) Chatxx 

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
)(4
4 (4.22)
The subscript x is the species of algae: diatom, green algae, blue green algae
and Chattonella antiqua. When x refers to diatom, green algae and blue green algae,
Chl-a is equal CH(x). However, when x refers to Chattonella antiqua, Chl-a is
calculated from the total of the existing chl-a and the resuspended chl-a from the mud
bed with SS as
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    )(
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V
AGres
CHCH xxx  (4.23)
In this water quality model, resuspension of cysts of Chattonella antiqua are
considered as function of resuspended solids from the mud bed. Resuspended algae
from mud bed:
RSChatx SSAGres  )( (T =< Tc and W >= Wc)
0)( xAGres (T > Tc or W < Wc) (4.24)
Algae decay:
   
  
  VCHKAGdcy x
xTT
xDx
D
x


)( (4.25)
Algae sedimentation:
  VCHKAGsed xxSAx  )()( (4.26)
Algal consumption by zooplankton:
ZgrwYAGcon xZx  )()( (4.27)
VZoo
CHSCH
CH
Zgrw
xx
x
zoo 

 )(
)()(
)(
)max( (4.28)
When SG = salinity coefficient (0-1);
I = light intensity (cal/cm2-d);
KL = saturation constant light (cal/cm2-d);
βChat = coefficient regarding Chattonella in resuspended solids
from the mud bed (-);
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KSA = settling velocity of algae (m/d);
Tc = critical temperature for cysts formation ( oC);
W = wind velocity (m/s);
Wc = critical wind velocity for Chattonella antiqua cysts
resuspension (m/s);
YZ = rates of algal consumption by zooplankton (μg Chl-a/mg Zoo);
μmax(zoo) = maximum specific growth rate of zooplankton (1/d);
Zoo = zooplankton biomass (g/m3) and
SCH = algae coefficient for zoo uptake (g/m3).
The simulation period is from 1991 to 2004 and the time step of the model is
one day. The parameters used in the developed finite volume model obtained from the
calibration are listed in Table 4.3
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Table 4.3 Parameters used in the two-dimensional finite volume model of the
Ariake Sea
parameter unit
μmax 0.34/ 0.3/ 0.32/ 0.95* 1/d
KN 0.07/ 0.05/ 0.05/0.03* g/m3
KP 0.01/0.01/0.02/0.006* g/m3
KD 0.01/0.005/0.005/0.003* 1/d
 0.014/0.014/0.016/0.014* -
TD 19/ 24/ 30/ 27.5* oC
KSS 0.1 m/d
KSC 0.1 m/d
KSA 0.1/ 0.1/ 0.1/ 0.85* m/d
KRC 0.05 m/d
KRN 0.05 m/d
KRP 0.02 m/d
YN 0.02/0.02/0.02/0.035* mg DIN/μg Chl-a
YP 0.0012 mg DIP/μg Chl-a
YC 0.035 mg COD /μg Chl-a
YSC 0.1/ 0.1/ 0.1/ 0.1* mg COD/ mg SS
μmax(zo 0.1 1/d
YZ 0.05/0.05/0.05/0.05* μg Chl-a/mg Zoo
SCH 0.2/0.2/0.2/0.2* g/m3
KL 100/ 100/100/ 100* cal/cm2/day
β 0.05 (-)
Note: * Diatom/ Green algae/ Blue green algae/ Chattonella antiqua
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4.5.5. The effect of temperature on Chattonella antiqua cysts formation and
blooming event
The red tide outbreaks in the Ariake Sea have caused many problems. As
mentioned before, Chattonella antiqua is the typical species of the red tide in the
Ariake Sea. The analysis on the effects of the environmental factors on the
Chattonella antiqua growth and its cyst formation mechanism is necessary to describe
the red tide event in the Ariake Sea. As a result, this section aims to investigate the
Chattonella antiqua cysts formation and its bloom event in the Ariake Sea.
Condition for forming cyst Chattonella antiqua in the Seto Inland Sea was
observed by Imai (1989). Formation of Chattonella antiqua cyst was observed in
laboratory cultural conditions (Imai, 1989). Nitrogen was limiting cyst formation. The
incubation in a nitrogen-limited medium at 25 oC with light intensity (ca.) 150μmol
m-2 sec-1 under light-dark condition, a 14 h light, 10 h dark photo-cycle,
pre-encystment small cell similar to cysts in size and color were observed, and
thereafter cultures were subject to low light intensities (ca. 15μmol m-2 sec-1 or
below).
The cysts formed in culture displayed morphological characteristics quite
similar to those natural cysts observed in sediments. Germination from cysts produce
in culture was confirmed under adequate conditions (22 oC, ca. 50μmol m-2 sec-1 on a
14 h light, 10 h dark photo-cycle) after storage at 11 oC in the dark for more than 4
months (Imai, 1990; Nakamura et al., 1990).
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Figure 4.29 Chattonella antiqua cysts formation and processes of blooming
Chattonella antiqua cysts formation and processes of blooming is shown in
Fig.4.29. When the water temperature is lower than the critical temperature for cyst
formation, Chattonella antiqua can form cyst and germinate; but when water
temperature is higher than the critical temperature, cyst formation process cannot
occurred and finally there is no Chattonella antiqua blooming. It can be said that,
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both of temperatures during winter and summer are important for Chattonella antiqua
bloom event. Simulation results on Chattonella in the innermost part (element 11)
under various critical temperatures are shown in Figs.4.30, 4.31 and 4.32,
respectively.
In order to provide more details for the Chattonella antiqua cysts formation,
the sensitivity analysis is carried out. In this sensitivity analysis, the developed model
regarding to the effect of temperature on the cysts formation is taken into account. In
order to get the suitable temperature for the cysts formation, various critical water
temperatures at 9, 11 and 13 oC are examined.
Figure 4.30 Simulation result of Chattonella antiqua in the innermost part (the
critical temperature for cysts formation at 9 oC).
Figure 4.31 Simulation result of Chattonella antiqua in the innermost part (the
critical temperature for cysts formation at 11 oC).
Figure 4.32 Simulation result of Chattonella antiqua in the innermost part (the
critical temperature for cysts formation at 13 oC).
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These results show that the developed water model have an efficiency to
evaluate the critical temperature for the Chattonella antiqua cysts formation. In
Fig.4.30, Chattonella antiqua simulation results in the innermost part during summer
of 1992 and 1998 are disappeared because Chattonella antiqua cysts can not be
formed during winter of those years. However, in the observed data, Chattonella
antiqua is occurred in 1992 and 1998. In order to get better agreement with the
observed data, the critical temperature in winter for the Chattonella antiqua cyst
formation should be higher than 9 oC. In Fig.4.31, the simulation results of the critical
temperature at 11 oC have better agreement with observed data than 9 oC in Fig.4.30.
The simulation results on Chattonella antiqua are occurred during 1992 and 1998 in
Fig.4.31. However, during 1991, 1997, 2002 and 2004, the simulated Chattonella
antiqua appeared although there are no Chattonella antiqua bloom events in the
observed data. To improve the model, other parameter should be examined more in
detail. Unfortunately, the basic knowledge for Chattonella antiqua growth is limited
at the moment. As shown in Figs.4.31 and 4.32, simulation results of 11 oC and 13 oC
are almost same. These happen because at 13 oC temperature already reaches the
critical. Thus, when the critical temperatures are set to 11 oC or higher, Chattonella
antiqua cysts can be germinated. It can be said that at the critical temperature for the
Chattonella antiqua cysts formation is 11 oC. In the simulation results of critical
temperature at 11 and 13 oC, small different of Chattonella antiqua concentration are
shown in some period. Period under the critical temperature of 13 oC are longer than
period under 11 oC. However, at present, the effect of period under critical water
temperature is not yet cleared. Fukuyo et al. (2004) reported that the cysts of
Chattonella antiqua can survive without germination for more two years.
Fig.4.33 shows an outline of an effect of critical temperature on cyst formation.
When the critical temperature is higher than 11 oC, Chattonella antiqua cyst can be
generated and blooming of Chattonella antiqua can occur in every year because
temperature already reaches the critical, on the other hand, when the critical
temperature is lower than 11 oC (e.g. 7 oC), Chattonella antiqua cannot form the cyst
and finally blooming of Chattonella antiqua will not occur.
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Figure 4.33 Simulation result of Chattonella antiqua in the innermost part
4.5.6. The effect of light intensity and salinity on Chattonella antiqua cysts and
blooming event
The cysts of Chattonella can germinate in the dark (Imai et al., 1984). Light
intensity for algal growth is provided in the integrated model. Simulation results of
Chl-a both with and without limiting factor of light intensity to algal productivity are
shown in Fig.4.34. By taking into account of light intensity, Chl-a concentration
decreases due to light intensity control. However, the agreement with observed data is
not good yet although the limiting of light is taken into the model. In order to get
better agreement with observed data, other parameter for algal growth should be
concern more in detail.
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Figure 4.34 Chl-a concentration without and with light intensity concern
The salinity concentrations for Chattonella antiqua growth are taken into
consideration to provide the better agreement with observed data. Comparison of
simulated results between without and with salinity limiting factor are shown in
Fig.4.35. It can be seen that during 1997 and 2002, simulated results of salinity
limiting factor have better agreement with observed data than without salinity
concern.
Figure 4.35 Simulation result of Chattonella antiqua without and with salinity
concern
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The limiting coefficient of salinity concentration obtained from calibration
results is presented in Fig.4.36. The coefficient of salinity range in the developed
model for Chattonella antiqua growth is from 27 to 31.1 psu. This salinity range
almost concurs with the report of Kagoshima Prefectural Institute of Fisheries (2002)
that the average salinity concentration for Chattonella antiqua growth is 32.33 psu.
Figure 4.36 Coefficients of Salinity for Chattonella antiqua growth
The simulation results of Chattonella antiqua in the gulf mouth zone, the
central part, and the innermost part are shown in Fig.4.37, respectively. After
applying the limiting factor of the salinity for the Chattonella antiqua growth, the
concentration of Chattonella antiqua is low because Chattonella antiqua growth rate
is decreased by the salinity control. In fact, the observed data on the concentration of
Chattonella antiqua is not available; only the periods of Chattonella antiqua bloom
event are recorded (Fisheries Agency of Japan, 2006).
The better agreement between simulation results and observed data are
obtained by considering the effect of the salinity. Specifically the simulation results of
the Chattonella antiqua bloom events during summer 1997 and 2002 almost
disappear. From these simulation results, it is confirmed that the salinity concentration
influences on the growth rate of Chattonella antiqua.
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For element 1 and 5 in the gulf mouth zone and the central part, the simulation
results of Chattonella antiqua bloom events occur in the same periods with element
11 although the field data are not observed. This phenomenon happens because of the
advection and the dispersion in the water quality model. The space scale of each
element in this water quality model is large while numbers of the observation points
are few. Therefore, the observation points do not always cover the whole area of the
Ariake Sea. Moreover, observed data are collected in day time while time step of this
water quality model is averaged for one day. Thus, the averages of observed Chl-a in
one day for the large area should be higher than simulation results.
Figure 4.37 Simulation results of Chattonella antiqua in the gulf mouth zone,
the central part and the innermost part (The salinity concentration is taken into
account for the Chattonella antiqua growth)
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The final calibration results on total Chl-a in the gulf mouth zone, the central
part, and the innermost part are shown in Fig.4.38. The temperature coefficient for all
algal species in the Ariake Sea obtained from the developed model is illustrated in
Fig.4.39. Diatoms are predominant during winter while green algae and blue green
algae are predominant from spring to summer period. The temperature for Chattonella
antiqua growth obtained from the developed model is from 20 to 27.5 oC. In Fig.4.38,
the simulation results of Chl-a in element 11 of the innermost shows higher
concentration due to the high nutrients discharge from Chikugo River watershed and
mud bed. The results of Chl-a simulation reveal that the high Chattonella antiqua
occurs at the same time when the high SS concentration occurs which is shown in
Fig.4.18. Consequently, the occurrences of Chattonella antiqua can be triggered by
the high SS concentration after the high resuspended period. Furthermore, the
simulated Chl-a are almost happened in the same time with the observed data,
occurring periods of Chattonella antiqua bloom. From this result, it can be verified
that this water quality model can simulate the periods of Chattonella antiqua bloom in
the Ariake Sea.
Figure 4.38 Chl-a concentration in the gulf mouth, the central part, and the
innermost part of the Ariake Sea
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Figure 4.39 Coefficients of temperature for each algae growth
4.6 Study on the effect of water quality from Isahaya reservoir to the Ariake Sea
using integrated water quality model
In order to develop an analytical tool for water quality management in the
Isahaya reservoir and the Ariake Sea, both models should be integrated. “Integrated”
means information from the linked models should be analyzed from technical and
political view point.
The aim of this chapter is to develop a numerical model for water quality
analysis in the Ariake Sea and to investigate how the discharged loading from the
Isahaya reservoir affect water qualities of the Ariake Sea.
The integrated model is applied in sensitivity analysis in order to evaluate the
loading from the Isahaya reservoir into the Ariake Sea. In this chapter, the sensitivity
analysis of 3 cases as shown in Table 4.4 is carried out. Simulation period is from
1997 to 2000.
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Table 4.4 Scenario of sensitivity analysis
Simulation results of each water quality parameter, PO4, DIN, COD, SS and
Chl-a for each case are demonstrated in Figs.4.40 to 4.44, respectively.
Figure 4.40 PO4 concentration in element 5
Case Considered condition of input loading from the Isahaya reservoir into the Ariake Sea
1 No contribution between the Ariake Sea (element 5) and the Isahaya reservoir (element
6)
2 Contribution of loading discharge bypasses the Isahaya reservoir (The observed data of
the Isahaya reservoir is used as an input loading into the Ariake Sea.)
3 The Isahaya water quality model is integrated with the Ariake Sea model (The observed
data of the Isahaya reservoir is replaced by the simulated results obtained from the
developed model.)
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Figure 4.41 DIN concentration in element 5
Figure 4.42 COD concentration in element 5
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Figure 4.43 Chl-a concentration in element 5
Figure 4.44 SS concentration in element 5
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The results of sensitivity analysis to nutrient loading are shown in Figs.4.40
and 4.41. The results of case 2 and 3 are not too much different although both are a
little higher than case 1 in which the loading from Isahaya reservoir to the Ariake Sea
is neglected. It means the discharged loading from the Isahaya reservoir has just small
effect to the nutrients in the Ariake Sea.
The sensitivity of COD loading to the Ariake Sea is shown in Fig.4.42. The
results are almost same with contribution of loading discharge bypass the reservoir in
case 2 even in case 3. These results indicate that COD loading from Isahaya reservoir
have small effect to the Ariake Sea.
Chl-a concentration in element 5 is shown in Fig.4.43. The simulation results
of the integrated model are almost same as the results of bypassing the discharged
loading from the reservoir. From the result, there is a low possibility that red tide in
the Ariake Sea is transported from the Isahaya reservoir. However, this fact does not
always deny that there is not a possibility of algal production discharged from the
Isahaya reservoir.
The results of SS of 3 cases are shown in Fig.4.44. The concentration of case
2 especially in rainy day is higher than the results of the integrated model because the
discharged loading by rainfall is bypassed the reservoir. It happens because of the
settling effect such as sedimentation tank in the reservoir. From these simulation
results, it can be pointed out that the discharged load from the Isahaya reservoir has
small effect to SS concentration in the Ariake Sea.
4.7 Application of the integrated model in policy analysis on the reservoir of the
Isahaya-Bay sea reclamation and the Ariake Sea
In water quality management in the Isahaya reservoir and the Ariake Sea,
alternatives measures need to be evaluated through the technical analysis and policy
analysis before presenting to the decision-makers. For the Isahaya reservoir and the
Ariake Sea, it is necessary to evaluate impacts of the proposed alternatives in both
areas simultaneously.
From a viewpoint of feasibility study in the Isahaya reservoir and the Ariake
Sea, the integrated model is applied as an analytical tool in this chapter. The analysis
focuses on discharged loading from land area of the Isahaya reservoir.
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4.7.1. Water quality goals in the Isahaya reservoir
In order to examine the feasibility of water quality goals achievement,
contribution from land load to the Isahaya reservoir is analyzed. Simulated results of
COD, TN and TP by giving land discharged loading are shown in Figs.4.45, 4.46 and
4.47 respectively.
Figure 4.45 COD simulation result of only discharged loading from land area
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Figure 4.46 TN simulation result of only discharged loading from land area
Figure 4.47 TP simulation result of only discharged loading from land area
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When only land loading is given, the average COD is about 4 mg/l as shown
in Fig.4.45. This value is seemed to be close to the water quality goal of COD. For
TN and TP concentration, both of the averaged TN and TP are higher than water
quality goals as shown in Figs.4.46 and 4.47. In Figs.4.45 and 4.47, the simulated
results are very different from the observed data. It can be concluded that it is difficult
to keep the concentration of COD and TP under water quality goals because even
there is a good treatment of land loading, COD and TP in the Isahaya reservoir
concentration are still over the water quality goal by internal contribution such as
algal production and release from mud bed. In Fig. 4.46, it is shown that small
difference between observed data and simulated result of TN. It means that it can be
controlled TN under water quality goal by reducing land load such as waste water
treatment. However, the cost for this control might be expensive.
In order to examine the feasibility on water quality goal, loading analysis on
land loading, algal production (COD production), resuspension and release of TN and
TP, etc. should be carried out.
For reasonable water quality, policy analysis including as problem analysis
should be carried out. In policy cycle, the implement cost for the measures is also
important and the cost-benefit analysis should be evaluated. The cost-benefit analysis
dilemma brings together diverse progressive groups to think and strategize about how
to deal with cost-benefit analysis as a social and political problem. The benefit-cost in
the Isahaya reservoir becomes a subject not only for bureaucrats, economists and
environmentalists but also for local resident, fishermen's group, sociologists, political
scientists and etc. It brings together diverse progressive groups to think and plan about
how to deal with policy analysis as a social and political problem.
As mentioned before, it is suggested that it costs huge investment to improve
better water quality environment in the Isahaya reservoir. This situation is in a
dilemma whether to pay the costs or not. That is reason why new approach for water
quality management systems for the Isahaya reservoir is required. A feasible method
in water quality management is to apply policy analysis based on the goal oriented
approach. The goal does not always mean water quality goal i.e. water quality
standard. The goal should be defined in the policy cycle after analyzing policy option.
The result from this dissertation can assist the decision making process from scientific
viewpoint.
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4.7.2. Application of the integrated model on predicting of Chattonella antiqua
red tide in the Ariake Sea
As mentioned in section 4.6, there is a low possibility that red tide in the
Ariake Sea results from the Isahaya reservoir. However, this fact does not always
deny that there is not a possibility of algal production discharged from the Isahaya
reservoir.
It is found that Chattonella antiqua, typical red tide, in the Ariake Sea
originates from the bottom resuspension process. Among the various factors related to
blooming of Chattonella antiqua, water temperature is most significant as a model
index because the increase of water temperature is closely related to cyst germination
and growth rate. Simulation results point out that it is possible to predict Chattonella
antiqua blooming events using the temperature data monitored in the Ariake Sea
every winter. It will be possible to predict when and where the Chattonella antiqua
damages are locating.
In water quality management, there are many kinds of requirement from
many stakeholders such as local residents, responsible authorities, scientists,
decision-makers and etc. In case of the Isahaya reservoir and the Ariake Sea, it is very
difficult to perform water quality management system because only each viewpoint
cannot solve all of problems. As a result, the integrated viewpoint should be involved
in decision-making process.
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4.8 Summary
In order to develop an analytical tool for water quality management in
Isahaya reservoir and the Ariake Sea, water quality model in the Ariake Sea should be
integrated with the developed model of the Isahaya reservoir. From the simulation
result, it can be concluded that loading from Isahaya reservoir does not particularly
affect the water quality in the Ariake Sea except neighboring coast. Furthermore, a
low possibility of the relationship between the red tide in the Ariake Sea and the
reclamation project has been revealed. Nutrients load from the Isahaya reservoir does
not strongly affect the growing ability of algae in the Ariake Sea. However, this fact
does not always deny that there is not a possibility of algal production discharged
from the Isahaya reservoir. There is a possibility that algae from the Isahaya reservoir
may affect the subsidiary algal production in the innermost part of the Ariake Sea.
From this study, it can be concluded that the Chattonella antiqua is the typical
red tide species in the Ariake Sea. It is also found that Chattonella antiqua red tide
phenomenon in the Ariake Sea originates from the bottom resuspension process.
Discharged nutrients and suspended particle loading from the Isahaya reservoir have
small effect to water quality changes and occurring of red tide in the Ariake Sea.
From the simulation results of three divided areas in the Ariake Sea, the most
important area which should be strongly concerned is the innermost part. The
influence of nutrients and SS loading from Chikugo River watershed is greater than
the discharge flow from the Isahaya reservoir and other watersheds, such as in the
gulf mouth zone and central part. The contributions from mud bed such as release of
dissolved matters and resuspension of suspended matters also play an important role
on water quality in the Ariake Sea especially SS. Changes in water quality in the
Ariake Sea is caused by rapid growth of algae during high nutrients discharge loading
period in rainy season. As Chattonella antiqua productivity can be caused by high
resuspension rate under the other optimum conditions such as nutrient, temperature,
light intensity, salinity and etc. In this chapter the effect of temperature for
Chattonella antiqua cysts formation are taken into account in the integrated model.
The simulation result shows that Chattonella antiqua cysts in the Ariake Sea are
formed during winter when the water temperature is lower than the critical water
temperature 11 oC. During strong wind, Chattonella antiqua cysts are resuspended
into water column with the suspended solids. During summer when water temperature
is between 20-27.5 oC, Chattonella antiqua can grow and finally Chattonella antiqua
event can occur. Moreover, the integrated model also indicates that the salinity
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concentration is a limiting factor for algal productivity. The salinity range for
Chattonella antiqua growth is estimated from 27 psu to 31.1 psu. The application
of the integrated model is applied for the policy analysis in this Isahaya reservoir and
the Ariake Sea.
In order to provide the information about water quality changes and red tide
problem in the Ariake Sea, the effect of discharged water from the Isahaya reservoir
on water quality in the Ariake is investigated. It is found that discharged water from
the Isahaya reservoir has small effect on water quality changes in the Ariake Sea.
Chattonella antiqua red tide life cycle and the mechanism of Chattonella antiqua
blooming are revealed through the simulation model. It is shown that the mud bed
resuspension is the main cause of Chattonella antiqua red tide blooming events in the
Ariake Sea. In order to control Chattonella antiqua red tide blooming events,
behavior of suspended solid from mud bed should be strongly concerned. Since it is
difficult to control the resuspension process of sea bed; the application of the
integrated water quality model can be use to predict on Chattonella antiqua red tide
blooming events for water quality monitoring. This integrated water quality model is
useful to reduce damage by red tide since it can predict when, where and how much
of red tide will appear.
Water quality goals serve the dual function of establishing water quality goals
for a specific water body and providing the basis for regulatory controls. Water
quality goals were set up as: COD less than 5 mg/l, TN less than 1 mg/l and TP less
than 0.1 mg/l. This study recommends that in order to examine the feasibility on water
quality goals, loading analysis on land loading, algal production (COD production),
resuspension and release of TN and TP and etc. should be performed first. Cost-
benefit analysis should concern in order to get the better goal. To get this better goal,
not only environmental issue but also economic evaluation, public concern should be
integrally involved. As cause and effect of each issue are related to each other and
play the important role on establishment of the final goals of water quality in the
Isahaya reservoir. As a result, policy analysis is necessary required.
To find the better goal cannot be destination. One of many alternative options
can be “No goal” for water quality. However in this case some procedure and
agreement are necessary. That is why “Integrated” is necessary.
It is not whether scientists can determine policy but how scientists can be part
of a more analysis that incorporates other critical perspectives. This study can be used
to evaluate policy alternatives.
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CHAPTER 5
CONCLUSIONS
This dissertation describes about integrated water quality analysis in the
Isahaya reservoir and the Ariake Sea.
In Chapter 1, background of general problems in the Isahaya reservoir and the
Ariake Sea is described. It is reported that observed COD, TN and TP concentrations
in the Isahaya reservoir are higher than water quality goal standards and cause
eutrophication problem. These problems are not only limited within the Isahaya
reservoir but also enlarged to the Ariake Sea. Since these water quality problems in
the Isahaya reservoir and the Ariake Sea are new topics in Japan, few researches on
water quality problem analysis have been carried out. According to these problem
statements, objectives and scope of the study are determined.
In Chapter 2, historical data on Isahaya-Bay sea reclamation project as well as
water quality problems in the reservoir and the Ariake Sea are reviewed. Also the
reviews of previous researches on numerical water quality models are carried out.
Typical red tide algae in ocean and coastal area are classified based on literatures.
Basic knowledge about life cycle of these algae is examined. Public concern about
water environmental problems in the Ariake Sea and poor water quality discharged
from the Isahaya reservoir are summarized. Necessity of policy analysis of these
water quality problems is pointed out.
In Chapter 3, water quality analysis and problem definition in the Isahaya
reservoir are carried out based on the observed data and simulation results. A
completely mixed continuous flow model is developed and applied to simulate water
quality in the Isahaya reservoir. Through analyzing long-term behavior of algae,
especially diatom, the water quality model simulation can be separated into 3 periods
i.e. the beginning of project (April 1997- March 2002) during opening gate (April
2002- May 2002) and after closing gate (2003-2005).
The opening gate was a trial operation in almost one month to lead seawater
into the reservoir from the Ariake Sea. Change of water quality during gate opening is
rapid. Analysis of this rapid change of water quality is out of scope of this dissertation.
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Finally, long-term water quality change is analyzed. The major water quality
parameters are salinity, SS, TN, TP, COD and Chl-a. Through calibration results on
salinity using the developed water quality model, it is pointed out that seepage of
seawater from the Ariake Sea control brackish state in the reservoir. It is estimated
that daily averaged seepage of seawater from the Ariake Sea is about 30,000-50,000
m3/d. Moreover it is found, by comparing the observed water quality parameters and
simulation results, that coprecipitation of SS and phosphorus under brackish state
affects settling velocity of fine sediment (floc). This behavior of phosphorus and
suspended solids is typical characteristics of brackish water quality in the Isahaya
reservoir.
The observed concentrations of COD, TN and TP in the reservoir are higher
than water quality goal standards. In order to analyze characteristics of long-term
water quality change in the reservoir and to propose water quality improvement
measures, water quality simulation on Chl-a, COD, TN and TP using a completely
mixed reservoir model is executed. In order to examine major parameters controlling
water quality in the reservoir, the sensitivity analysis is conducted to compare effects
of specified loadings, such as discharged loading, release loading, and algal
production loading. Through this sensitivity analysis, it is found that the release
loading from mud bed plays an important role in SS and nutrients, especially
dissolved phosphorus, in the Isahaya reservoir whereas the major contributions to TN,
TP and COD is the discharged land loading from watersheds. Also, it is shown that
algal production has resulted in an increase in COD. Finally, these results suggest a
difficulty of achievement of water quality goal standards in the Isahaya reservoir.
In this chapter, a study on behavior of algal growth is carried out because there
is an obvious water quality problem i.e. eutrophication. After analyzing algal growth
patterns especially diatom in the reservoir, it is shown that macroscopic patterns of the
algal growth can be separated into two stages, except the trial opening gate in 2002.
Diatoms dominated algae in the second stage (2001 - present) although they are not
appeared in the first stage. It is suggested that silica is limiting factor which inhibits,
since silica growth of diatoms is combined with soil improvement material such as
lime. In order to realize this behavior of algal growth, algal simulation taking into
account the silica limiting factor is carried out. It is demonstrated that simulation
results on Skeletonema subsalsum agree with the observed data although calibration
on concentration of Chl-a is still satisfied.
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Chapter 4 is focused on characteristics of water quality environment in the
Ariake Sea. In 2000-2001, red tide of Rhizosolenia caused a poor crop of laver. This
serious damage of laver productivity in the Ariake Sea has triggered secondary social
problem in both of the Ariake and the Isahaya reservoir. To clarify this environmental
problem, it is necessary to examine the effects on water quality in the Ariake Sea due
to discharged loading from the Isahaya reservoir.
This chapter first describes seasonal change of water quality in the Ariake Sea.
According to salinity level, the Ariake Sea is divided into 3 parts as the innermost part,
central part and the gulf mouth. It is shown that the observed SS and nutrients in the
innermost part are controlled by discharged loading from watershed and by release
loading from mud flat. In order to analyze the characteristics of water quality in the
Ariake Sea and the Isahaya reservoir, a two-dimensional model of the Ariake Sea is
combined with the Isahaya water quality model. The main purpose of modeling water
quality in the Ariake Sea is to demonstrate results of policy analysis for better water
environment in both the Ariake Sea and the Isahaya reservoir. Therefore, this model
needs to assess feasibility of measures such as water pollution control systems, water
quality improvement of discharged water from the Isahaya reservoir etc. So, it is
necessary that water quality models of both water bodies be integrated. Calibration
results on water quality parameters for the Ariake Sea are demonstrated and
performance of simulating water quality change in 1991-2004 is shown. From the
simulation results, it is found that SS and nutrients loadings from the Chikugo River
watershed are higher than the discharged loadings from the Isahaya reservoir and
other watersheds.
In this chapter, Chattonella antiqua is indicated as a concerned typical red tide
bloom in the Ariake Sea. This red tide bloom is realized by the two-dimensional
model using hypothesis which suggests cysts formation on the sea bottom and
released with SS. This simulation results conclude that Chattonella antiqua is
resuspended from the reservoir bottom after cyst formation in winter. The conditions
for Chattonella antiqua cysts formation is analyzed through calibration procedure and
sensitive analysis. It is shown that the suitable temperature for Chattonella antiqua
growth is ranging from 20 to 27.5 oC, and Chattonella antiqua can form cyst when
temperature is lower than 11 oC and salinity is in the range from 27 to 31.1 psu. Light
intensity also plays an important role on the Chattonella antiqua growth.
Since another objective of this chapter is to investigate the relationship of
water quality between the Isahaya reservoir and the Ariake Sea, the impact of
discharged loading from Isahaya reservoir to the Ariake Sea is assessed by the
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combined model of the Ariake Sea and the Isahaya reservoir. It is recognized that the
loading from Isahaya reservoir does not significantly affect water quality in the Ariake
Sea. Also it is shown that the nutrients load from the Isahaya reservoir does not
strongly affect the growing ability of algae in the Ariake Sea, but this point does not
always mean that subsidiary algal production in the Ariake Sea will not occur.
The integrated model is applied to collect information about policy analysis
for Isahaya-Bay Sea Reclamation Project related to water quality management in the
Ariake Sea. Contributions of loadings from land area to water quality in the Isahaya
reservoir are evaluated through sensitivity analysis. Averaged COD concentration by
the land loading only is about 4 mg/l which is close to the goal standard of 5 mg/l. For
TN and TP concentration, it is found that the simulated results when only land
loadings are considered, land loading are higher than the specify water quality goal
standards (TN: 1 mg/l and TP: 0.1 mg/l). The observed TP is much higher than the
simulated TP contributed by land loading. It means that another high loading of TP is
released from the reservoir bottom. So it can be concluded that, it is very difficult to
achieve TP goal standard of 0.1 mg/l.
In general, water quality goal standards can/should be set through feasibility
study related with cost-benefit analysis. Finally, it is suggested that high cost is
required for water quality improvement or another alternative to the existing goal
standards is necessary.
Since the integrated water quality analysis can provide useful information for
decision-making process, it can make great contribution to policy analysis in the
Isahaya reservoir and the Ariake Sea. The information obtained from water quality
analysis in this dissertation calls for revision of the existing policies.
Isahaya Bay-Sea Reclamation project has contributed to flood control, etc.
while it has brought out the environmental situation to public concern. In order to
solve these water quality problems using the goal standard oriented approach, it is
summarized that another policy analysis including reset of goal standards should be
executed in the near future.
For this purpose, the water quality modeling proposed in this dissertation is a
tool for the next policy analysis.
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APPENDIX
Figure A.1 Simulated results of integrated model (Salinity)
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Figure A.2 Simulated results of integrated model (SS)
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Figure A.3 Simulated results of integrated model (COD)
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Figure A.4 Simulated results of integrated model (DIN)
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Figure A.5 Simulated results of integrated model (PO4-P)
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NOTATION
Dimensions are given in parenthesis after the description. Numbers in
brackets after the dimension refer to equations in which symbols are first used or
defined.
A = element area (m2), [4.11]
A = Isahaya reservoir area (m2), [3.7]
A = element area (m2), [4.3]
AG = substantial biomass change of algae (μg Chl-a), [4.21]
AGcon = algal consumption by zooplankton (μg Chl-a), [4.21]
AGdcy= algae from resuspended solids from mud bed (μg Chl-a), [4.21]
AGgrw= algae growth (μg Chl-a), [4.21]
AGsed = algae sedimentation (μg Chl-a), [4.21]
BS = settling coefficient (-), [4.11]
C = concentration (g/m3), [3.10]
c = average concentration in the element (g/m3), [4.2]
CH = chlorophyll-a concentration (mg/ m3), [4.6]
CHi = Chl-a concentration (mg/m3), [3.7]
Cl = chloride concentration (g/m3), [3.3]
ClS= saturation constant of chloride concentration (g/m3), [4.6]
D = dissolved matter (g/m3), [3.10]
D = water depth of the element (m), [4.12]
DCODB= DCOD in mud bed (g/m3), [4.17]
DIN = dissolved inorganic nitrogen concentration (g/m3), [3.8]
DINB = DIN in mud bed (g/m3), [4.3]
DIP= dissolved inorganic phosphorus concentration (g/m3), [3.4]
E’nm = mixing coefficient between element n and m (m3/s), [4.2]
F = decaying rate (g/m3-d), [3.7]
FF = decaying rate coefficient (1/d), [3.9]
fTm1 = temperature correction function for growth (-), [3.8]
fTm2 = temperature correction function for decay (-), [3.9]
))(( twf dw = wind direction coefficient 10  wf (-), [3.5]
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)(th = daily reservoir water level (m), [3.2]
)(thi = daily sea water level (m), [3.2]
I = light intensity (cal/cm2-d), [4.22]
)(tJ DIP = settlement flux of adsorbed DIP with SS (g/m
2-d), [3.4]
JDj = release flux (g/m2-d), [3.12]
)(tJ res = resuspension flux of SS due to wind (g/m
2-d), [3.5]
)(tJ SS = settlement flux of SS (g/m
2-d), [3.3]
K = overall permeability coefficient (m2/d), [3.2]
KN = DIN saturation coefficient) (g/m3), [3.8]
KP = DIP saturation coefficient (g/m3), [3.8]
KEij = coefficient (-), [3.10]
KD = specific decay rate (1/d), [4.5]
KL = saturation constant light (cal/cm2-d), [4.22]
KLu = solar radiation saturation constant (cal/cm2/d), [3.8]
KN = saturation constant of DIN (g/m3), [4.6]
KP = saturation constant of DIP (g/m3), [4.6]
KRC = release rate of DCOD (m/d), [4.17]
KRN = release rate of DIN (m/d), [4.3]
KRP = release rate of DIP (m/d), [4.4]
KRT = resuspension rate due to tidal movement (g/m-d), [4.12]
KRW = resuspension rate due to wind (g/m-d), [4.12]
KSA = settling velocity of algae (m/d), [4.26]
KSC = settling velocity of PCOD (m/d), [4.15]
KSS = settling velocity of SS (m/d), [4.11]
Lin = inflow load (g/d), [3.11]
Lout = outflow load (g/d), [3.7]
Lu = solar radiation (cal/cm2/d), [3.8]
M = chloride concentration in the Ariake Sea (g/m3), [3.14]
m = constant (-), [3.5]
P = growth rate (g/m3-d), [3.7]
PCOD = particulate COD (g/m3), [4.15]
PO4 = orthophosphate phosphorus (g/m3), [4.6]
PO4B = PO4-P in mud bed (g/m3), [4.4]
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QB = boundary condition of flow rate of the element (m3/s), [4.1]
)(tQin = inflow from the watersheds (m
3/d), [3.1]
)(tQm = inflow from the Ariake Sea (m
3/d), [3.1]
Qnm = net flow rate between element n and m (m3/s), [4.1]
)(tQout = outflow from Isahaya reservoir (m
3/d), [3.1]
)(tQr = direct inflow by rainfall (m
3/d), [3.1]
R = transformation rate to algae (only TN and TP) (g/d), [3.12]
RM = ratio of mud bed area in the element (-), [4.3]
RT = resuspension coefficient due to tidal movement (-), [4.12]
S = suspended matter (g/m3), [3.10]
S = reaction term (g/s), [4.2]
SCH = slgae coefficient for zoo uptake (g/m3), [4.28]
SG = salinity coefficient (0-1), [4.22]
SS = suspended solids (g/m3), [3.3]
SSRS = resuspension rate (g/d), [4.12]
T = water temperature (oC), [4.5]
Tc = critical temperature for cysts formation ( oC), [4.24]
TD = critical temperature for decay (oC), [4.5]
T G = temperature coefficient (TG), [4.6]
TH = maximum temperature for algae growth (oC), [4.9]
T L = minimum temperature for algae growth (oC), [4.7]
TP = optimum temperature (oC), [4.8]
)(* tU = wind velocity (m/s), [3.5]
)(* tU c = critical wind velocity (m/s), [3.5]
SSu = settling velocity of SS (m/d), [3.3]
)(tV = Isahaya reservoir capacity (m3), [3.1]
V = water volume of element (m3), [4.1]
vW = maximum wind speed (m/d), [4.13]
v*W = critical wind speed (m/d), [4.13]
W = wind velocity (m/s), [4.24]
Wc = critical wind velocity for Chattonella antiqua cysts
resuspension (m/s), [4.24]
cw = wind direction factor 10  cw (-), [3.6]
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dw = direction of wind velocity (-), [3.5]
wi = algae settling velocity (m/s), [3.7]
mw = critical wind direction for resuspension (-), [3.6]
YC = PCOD: Chl-a (mg COD/μg Chl-a), [4.15]
YN = Yield factor DIN: Chl-a (mg DIN/μg Chl-a), [4.3]
YP = Yield factor PO4-P: Chl-a (mg DIP/μg Chl-a), [4.4]
Y S= SS: Chl-a (mg SS/ μg Chl-a), [4.14]
YSC = PCOD content of particulate materials in mud bed
(mg COD/mg SS) , [4.15]
YZ = rates of algal consumption by zooplankton (μg Chl-a/mg Zoo), [4.27]
Zoo = zooplankton biomass (g/m3), [4.28]
αalgae = ratio of algal productivity to resuspended solids from mud bed
(-), [3.13]
Cl = coefficient regarding chloride for growth (-), [4.6]
DIP = coprecipitation coefficient (m
3/g), [3.4]
SS = coprecipitation coefficient of SS (m
3/g), [3.3]
 = resuspension coefficient (g/m2d), [3.5]
βChat = coefficient regarding Chattonella in resuspended solids
from the mud bed (-), [4.24]
 = chloride coefficient (-), [3.14]
μmax = maximum specific growth rate (1/d), [3.8]
μmax = maximum specific growth rate (1/d) , [4.6]
μmax(zoo) = maximum specific growth rate of zooplankton (1/d), [4.28]
δnm = net advection factor between element n and m (-), [4.2]
θ = temperature coefficient for decay (-), [4.5]
φW = wind direction factor (-), [4.13]
 ω* = critical wind direction for resuspension (m/d), [4.13] 
 ω = direction of maximum wind speed (radian), [4.13] 
